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ABSTRACT 
Inspiratory muscle training (IMT) is becoming more popular in sporting populations as 
contentious issues associated with the magnitude of its effect as an ergogenic training 
aid are gradually dispelled. The main reason for this is the increasing good practice in 
controlled intervention studies particularly through the use of appropriate outcome 
measures, for example time trial performance, but also the work done to identify 
potential mechanisms such as the blood flow redistribution model. The purpose of this 
thesis is to further improve the benefits afforded by IMT through the development and 
evaluation of new technologies. The key aim was to produce technologies that provide 
functional relevance to a sporting population by permitting normal, albeit loaded 
ventilation to take place in an ambulatory situation. A number of intermediate 
objectives have been achieved including the identification of the key limitations of 
existing technologies and their application, the development of new methods for the 
prescription of a dynamic inspiratory load via a series of human studies i. e. mouth 
pressure generation due to inspiratory drive during exercise, 3-Dimensional thoracic 
displacement and peripheral thoracic force generation, and the design, manufacture and 
evaluation of two new inspiratory muscle training technologies. These are a thoracic 
restricting technology that provides true ambulatory loading and a variable mouth 
occlusion technology that can be set to load in accordance with the specific pressure- 
volume characteristics of an individual. The former (thoracic restricting technology) has 
been developed into a first stage prototype and tested on a single subject to assess any 
changes to breathing pattern. The results suggest that suitable load location may 
minimise any adverse effects and has enabled further theoretical development to take 
place. The latter (variable mouth occlusion technology) has been implemented in a 
controlled study on a group of healthy male adults to assess its functionality and the 
suitability of a specific decaying load. The results suggest that the chosen load may have 
been unsuccessful in increasing the work of breathing and that specific aspects of the 
functionality require development thus enabling the selection of specific refinements for 
future interventions to be identified. The focus of future research is therefore the 
practical comparison of these new technologies with existing devices in order to fully 
understand the optimisation of inspiratory muscle training. 
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Chapter 1 
1.0 GENERAL INTRODUCTION 
1.1 Introduction - An Overview 
Recent, publications have identified the possibility that respiratory muscles may be 
limiting human performance in exercise. Work has been carried out to investigate this 
phenomena and a literature review by Spengler and Boutellier, (2000) stated that, not 
only do respiratory muscles fatigue during exercise, but pre-fatigued respiratory muscles 
can also impair performance. In turn respiratory endurance training can improve 
endurance exercise performance. 
In terms of training the respiratory system, most work has taken place in the last four 
decades. Various methods have been implemented in an attempt to improve the 
performance of these muscles. Within the following literature review emphasis is 
therefore placed upon this previously developed technology and a detailed analysis of 
the functionality and effectiveness will be completed. 
The main activities of the following research are to aid the specification of a new 
respiratory muscle training device/s for the sporting population. The limitations of 
current technology and its suitability within sporting applications will therefore be 
discussed. Modern principles such as the requirement of a high specificity of the 
training stimulus will form the basis of this analysis, as it is believed that current 
technology does not fulfil this requirement. The main aim is therefore to define the 
requirements for a technology that will embrace modern training principles by 
considering the length-tension and force-velocity relationships of the active muscle 
group. This technology will then be introduced in prototype form to the sporting 
population by means of laboratory based testing. The completed testing will aid the 
identification of future improvements and the potential for commercial development. 
It is hoped that the final thesis will build upon the research completed over the last 40 
years with the end product consisting of a new and possibly more effective means of 
training the inspiratory muscles. This thesis describes the development of a technology 
that will aim to provide a new dimension thus helping to dispel the controversy that 
surrounds respiratory and more specifically, inspiratory, muscle training to provide 
ergogenic benefits. 
1.2 Respiratory Anatomy and Function 
1.2.1 Respiration 
The literal meaning for Respiration is "to breathe again, " (Solomon et al., 1990) and it 
can be broken down into five general areas. 
1. Pulmonary Ventilation 
2. Gas Exchange - between lungs and blood 
3. Transport of Gases 
4. Gas Exchange - between blood and tissue cells 
5. Cellular Respiration 
The current literature review focuses upon Pulmonary Ventilation, the movement of air 
into and out of the lungs and more specifically the mechanical functionality of the 
muscles utilised in this process. 
The respiratory system is contained within the thorax, which divides the body between 
the base of the neck and the top of the abdomen. The thorax contains the major 
elements of both the cardiovascular and the respiratory systems. The lungs are 
themselves the major organ involved in respiration but the complete system also 
consists of various passageways. These are defined as the upper and lower respiratory 
tract. The upper respiratory tract refers to the nose, nasal cavity and the pharynx, which 
are concerned with the cleansing and warming of air as it enters the body. The lower 
respiratory tract comprises the trachea, bronchi and lung tissue (Solomon et al., 1990). 
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Figure 1-1. Anatomical view of thorax modified from 
Vander et at (1994) 
The trachea or windpipe is a thin walled tube about 11cm long with a 2.5cm diameter 
that is anterior to the oesophagus. At its base, it divides into two smaller tubes, the 
primary bronchi. The bronchi are the first airways responsible for channelling air into 
and out of the lungs. The two bronchi are referred to as the left or right as per the left 
or right lung. At the entrance to the lungs each bronchi divides into smaller secondary 
bronchi. Each lung is divided into five lobes, two for the left lung and three for the 
right and there are secondary bronchi for each lobe. Within each lobe the secondary 
bronchi divide further into many tertiary bronchi which themselves divide into very 
small bronchi called bronchioles. A final subdivision is to the terminal bronchioles, 
which provide a tree like structure of airways within the lungs. This final structure 
represents the conducting zone. At the point of the terminal bronchioles further 
structures are present called alveoli. The alveoli can be likened to the structure of a 
bunch of grapes and they are the point at which gas exchange takes place and therefore 
form the respiratory zone. There are approximately 300 million alveoli in the lungs 
providing a surface area of 70 square metres, thus maximising the gas-exchange taking 
place (Solomon et al., 1990). 
1.2.2 Chest Wall and Lung Relationship 
The lungs themselves are completely passive and controlled externally, i. e. they do not 
have any muscles of their own. The movement of the chest wall is transferred to the 
lungs during breathing causing their inflation and deflation. In order for this to take 
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place the lungs must therefore be attached to the chest wall in some way and the 
`pleural sacs' achieve this. 
Chest wall - 
Lung- 
Parietal pleura - 
ntrapleural fluid 
Bart 
Visceral pleura 
Figure 1-2. Schematic representaion of Pleural 
anatomy 
The pleural sacs consist of two separate layers of flat epithelial cells. The pulmonary 
(visceral) pleura completely cover the lungs and the parietal pleura runs adjacently, 
covering the thoracic cavity. A thin film of fluid of only a few millilitres separates the 
two. This fluid plays the role of lubricating and holding the two layers together. This is 
due to what is known as the intra-pleural pressure. It is this pressure that creates the 
force between the chest wall and the lungs so that they move in unison. The specific 
pressure of the fluid is approximately 4mmHg (5.3mb) less than that of atmospheric 
pressure. This difference across the lung wall is known as the transpulmonary pressure, 
the result of the elastic recoil of the lung tissue and the expanding rib cage being in 
equilibrium. It is this force that holds the lungs open and prevents separation from the 
chest wall during inspiration. 
1.2.3 The Movement of Air 
Air, or any gas for that matter, only moves from a region of high pressure to one of low 
pressure. This bulk flow of air can be described by the equation: 
F= 
AP 
R 
F is the flow, which is proportional to the differential pressure (AP) and inversely 
proportional to the resistance (R). 
With respect to pulmonary ventilation, the differential pressure is that of atmospheric 
and alveolar pressure. Air is moved in and out of the lungs due to the decrease and 
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following increase in alveolar pressure generated by the moving chest wall. The cause of 
these changes can be simply explained by Boyle's Law, which states that: 
The pressure (P) exerted by a constant number ofgas molecules in a container is inversely proportional 
to the volume (V) of the container, that is, PV equals a constant K 
1.2.4 Musculoskeletal Structures 
The act of changing the pressure in the lungs is mechanically controlled by a complex 
musculoskeletal system consisting of muscles whose primary role is to cause air to move 
in and out of the described lung tissue by expansion and contraction of the thoracic 
cavity. Separate muscles are used depending on whether air is being brought into or 
removed from the lungs. These phases are commonly called inspiration (breathing in) 
and expiration (breathing out). Figure 1-3 describes all the muscles used during 
inspiration and expiration. 
Sternacleidomastoid 
Scalenes 
} 
External intercostals 
Internal intercostals Internal intercostals 
It dL 
Diaphragm 
1' External abdominal oblique 
Internal abdominal oblique 
Transversus abdominus 
Rectus abdominus 
Figure 1-3. Identification of the inspiratory (left hand 
side) and expiratory muscles (right hand side) 
modified from Thompson and Floyd, 2001 
1.2.5 Inspiration 
The major recruitment of muscle occurs during inspiration, the primary muscles being 
the diaphragm and external intercostals. The diaphragm consists of a sheet of muscle 
that provides the separation between the abdomen and the thorax (chest wall or 
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envelope contained by the ribcage). The muscle fibres are attached by their outer 
margin to the lower edge of the ribcage and converge to a central trefoil tendon. It 
mirrors the shape of two domes relative to the lungs, bulging into the thorax. The main 
activators are the left and right phrenic nerves that innervate at the dome tips and 
throughout the muscle. During inspiration, the diaphragm can be likened to a plunger in 
a syringe increasing the vertical dimension of the thorax. At rest the diaphragm domes 
move downwards 1-2cm into the abdominal cavity. This increases to up to 10cm during 
maximal exercise (Widdicombe and Davies, 1991). 
The intercostal muscles are situated diagonally between each rib. There are three layers 
of these muscles and it is predominantly the external layer that is recruited during 
inspiration. At the base of the thorax the intercostals blend into the oblique, a part of 
the abdomen. The middle layer of intercostals or internal intercostal runs at 90° to the 
external and has most of its thickness at the front of the thorax. They link the sternum 
and the top four ribs (Palastanga et al., 1990). These muscles aid the diaphragm as 
breathing rate and physical activity is increased above rest by the raising of each lower 
rib up towards its neighbour above. The intercostal muscles are responsible for 
approximately 25% of maximum voluntary ventilation (MVV) (Widdicombe and 
Davies, 1991). 
Accessory muscles are recruited during forced respiration at elevated states of physical 
activity, which include the pectorals or major chest (not shown in Figure 1-3), 
sternocleidomastoid and scaleni (both at the neck). All are fixed within or around the 
ribcage, sternum and clavicles. As minute ventilation (VE , volume of air going 
into and 
leaving the lungs per unit of time, expressed as litres per minute) increases relative to 
exercise intensity, so does the work of breathing and it is at this point that the accessory 
muscles are utilized. These muscles aid the lifting of the upper ribcage producing an 
increase in the thorax's maximal envelope. 
The subsequent motion of the ribs due to the anatomical configuration is similar to that 
of a bucket handle as described by Figure 1-4. The effect of this on the movement of 
the sternum can be described as that of a pump handle. The result is to increase the 
horizontal dimension of the thorax (Widdicombe and Davies, 1991). 
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Figure 1-4. Ribcage view taken fromddicombe 
and Davies (1991). 
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1.2.6 Expiration 
Expiration is generally a passive activity and is bought about by the natural recoil of the 
lung tissue and the relaxation of the inspiratory muscles. The air within the alveoli is 
compressed as this return to the neutral state takes place. The pressure temporarily 
exceeds that of atmospheric and due to Boyle's law there is bulk airflow into the 
atmosphere via the various airways. As VE increases, additional muscles are recruited. It 
is generally accepted that the majority of this recruitment is from the abdominal muscles 
consisting of the external and internal oblique, the transversus abdominis, the rectus 
abdominis and also the latissimus dorsi (Palastanga et al., 1990), which contract, 
increasing the intra-abdominal pressure (Vander et al., 1994; Wilmore and Costill, 1994; 
Solomon et al., 1990). As a result the abdominal viscera force the diaphragm back to the 
rest position and the costal margins of the lower ribs are pulled down. 
It is also suggested (Vander et al., 1994, Wilmore and Costill, 1994), that the internal 
intercostal muscles have a role. The third and innermost intercostals are recruited 
during forced expiration and act to pull each rib down towards its neutral position thus 
decreasing the thoracic envelope. 
1.2.7 Respiratory Muscle Structure 
The most important determinant of the functionality of the respiratory muscles and in 
particular the inspiratory muscles is the structural characteristics and fibre distribution 
of these muscles. 
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By adulthood the diaphragm muscles are composed of 55±5% of type I (slow twitch) 
fibres, 21±6% type IIA (fast twitch) fibres and 24±3% type IIB (fast twitch) fibres 
(Lieberman et al., 1973). The intercostal muscles are composed of 67±2.7% type I 
fibres. The intercostal muscles comprise a higher percentage of type I, slow twitch or 
endurance capable fibres than the diaphragm, however the diaphragm possesses greater 
oxidative enzyme activity (Keens et aL, 1978). These oxidative fibres make up 80% of 
the diaphragm giving double the density of mitochondria and oxidative capacity, 
compared to that of limb muscle (Hoppeler et al., 1981). 
For a discussion of the functional aspects of muscle (force-velocity/length-tension) 
sections 1.6 and 1.7 should be consulted. 
1.2.8 Lung Volumes 
Depending on the intensity of physical activity, the moving thorax causes varying lung 
volumes to be displaced. To aid the explanation of changing lung volumes, Figure 1-5, 
provides a useful example for a healthy, young adult male. 
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Figure 1-5. Changing lung volumes modified from 
Vander et aL (1994) and Widdicombe and Davies 
(1991) 
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There are a number of factors that affect the various lung volumes including body size, 
age, sex and the presence of any debilitating diseases (Widdicombe and Davies, 1991). 
The specific volumes will vary, however, the distribution of the different capacities will 
remain essentially the same. 
The terminology associated with the various volumes during pulmonary ventilation is 
important in enabling consistent descriptions of breathing profiles to be made. As an 
example the total volume of the lungs can be in the region of about 61 (average young 
male) and depending on the level of activity a varying percentage of this is used. Suffice 
to say the air entering the lungs is equal to the volume of air exhaled and this is 
commonly known as the tidal volume (VT). At rest the tidal volume is about 0.51. At 
the end of a tidal expiration there is air remaining in the lungs that amounts to 
approximately 2.51, which is known as the functional residual capacity (FRC). Of this 
volume a full expiration can only remove up to 1.51 of this air and this is termed the 
expiratory reserve volume (ERV). The remaining 11, which cannot be actively 
removed, is the residual volume (RV). After a tidal inspiration, the maximum amount 
of air that can be inspired is approximately 31 and is termed the inspiratory reserve 
volume (IRV). The volume created from a maximal inspiration to a maximal expiration 
is termed the vital capacity (VC) and it is the sum of the ERV, IRV and VT. The 
accumulative sum of all the volumes reflects the above-mentioned 61, which is known 
as the total lung capacity. 
From a more practical point of view, there are further measures that are used as 
diagnostic tools for conditions such as emphysema and bronchitis and other chronic 
pulmonary diseases. For example forced vital capacity (FVC) is used, which requires a 
maximal inspiration followed by a full exhalation as quickly as possible. A measure is 
generated by this manoeuvre called the forced expiratory volume in 1s (FEV). From 
these manoeuvres further values are generated, for example peak 
inspiratory/expiratory flow rates (PIF/PEF) and the ratio of FEVl/FVC. A normal 
healthy individual can exhale up to 80% of their FVC in 1 second. Those individuals 
suffering from chronic obstructive pulmonary disease (COPD), and restrictive 
conditions such as asthma, may exhibit only 40% of their predicted FEVI. Individuals 
suffering from COPD will also see a reduction in FVC. 
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1.2.9 Exercise and Respiration 
In response to physical activity the human body adapts its metabolic distribution to 
cater to altered muscular demands for energy. This demand causes an increased desire 
for oxygen consumption and carbon dioxide removal and hence an increase in the 
cardiovascular output. The specific control of breathing is complex and the literature 
does not provide a definitive explanation. Essentially however there are three main 
components comprising the respiratory muscles (effectors), sensors (various) and a 
central controller (the brainstem and cortex) (West 2000). 
The activation pattern of the respiratory muscles is controlled by the brain as a result of 
information received from sensors around the body. These sensors are a combination 
of chemoreceptors (central and peripheral) which monitor the chemical composition of 
the blood or other fluid i. e. H+ ion liberation and changes in arterial and venous PO2 
and PCO2 (West 2000). Lung receptors also exist including pulmonary stretch receptors, 
irritant receptors and J receptors, which respond to distension of the lungs, the presence 
of gases, dusts and air temperature and alveolar wall conditions respectively (West 
2000). There are also other receptors located in nose and upper airways, the joints and 
muscles, the gamma system (sensing of muscle elongation) and the nervous system 
(pain and temperature) believed to be responsible for contributing to changes in tidal 
volume and breathing frequency (West 2000). 
The central controller receives the combination of senses and sets the periodic nature of 
inspiration and expiration via groups of neurons located in the pons and medulla in the 
brainstem. The cortex can override the function of the brainstem to a certain extent 
defining the possibility to permit voluntary control of breathing (West 2000). The 
detailed interaction of these systems is believed to be beyond the remit of this thesis. 
In simple terms the demand for increased activity of the respiratory system during fixed 
load exercise for example, drives a rapid increase in ventilation to match the level of 
physical exertion, resulting from increased respiratory centre stimulation driven by the 
muscle activity (Wilmore and Costill, 1994). This is followed by a more gradual 
increase, resulting from the chemical changes in the blood caused by the cellular activity 
within the active muscles (Figure 1-6). 
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Figure 1-6. Ventilation levels during exercise 
(approximately 5 minute duration) modified from 
Wilmore and Costill, 1994. 
The ventilation levels involved are specific to an individual ranging from 10 to 201"min-' 
at rest, rising to a maximal level of almost 1201-min' as per Figure 1-6. This peak level 
can be anywhere up to and possibly exceeding 3001-min' depending on the training 
status. These rates are achieved initially by an increase in tidal volume followed by an 
increase in breathing frequency at higher exercise intensities (Wilmore and Costill, 
1994). 
No single mechanism is responsible for setting ventilation levels. It is therefore 
important to consider exercise intensity, duration, environmental factors and the 
discomfort and emotion being experienced by the individual during an activity. How the 
actual rhythm is generated is still unknown (Widdicombe and Davies, 1991). The 
resulting ventilation is however, a compromise of efficiency and comfort for an 
individual in terms of metabolic rate and the work carried out by the respiratory muscles 
in overcoming airway resistance (higher flow rate = higher work) and elastic recoil 
(higher lung volume = higher work) (Widdicombe and Davies, 1991). It is beyond the 
scope of this thesis to discuss in detail the control of ventilation. 
At rest and lower levels of intensity, the diaphragm is responsible for the generation of 
airflow with an increasing contribution from the intercostal muscles, which are 
responsible for approximately 25% of maximum voluntary ventilation (Widdicombe 
and Davies 1991). The diaphragm is well suited for its large contribution and has a 
greater number of mitochondria and higher oxidative enzyme activity compared to 
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other skeletal muscles ensuring excellent endurance capabilities. It has been suggested, 
however, that during heavy exercise, the diaphragm fatigues and has a reduced 
recruitment followed by an increasing contribution from the accessory muscles to 
match the constantly increasing ventilation (Johnson et aL, 1993). The result of this 
inspiratory muscle fatigue is a sensation of breathlessness or dyspnoea (Widdicombe 
and Davies, 1991), which is experienced by individuals throughout exercise possibly 
resulting in an inability to maintain physical activity. This could be due to the relative 
inefficiency and lesser endurance characteristics of the accessory muscles. 
The following section of the literature review will examine the contribution of 
inspiratory muscle fatigue upon exercise performance, its prevention and enable further 
judgement for possible ergogenic improvements. 
1.4 Respiratory Muscle Fatigue 
1.4.1 Introduction 
Since the early 1960's scientists have been examining whether or not the respiratory 
system is a limiting factor in exercise and in particular if inspiratory muscle training 
(IMT) programs are beneficial to an individual's performance. During heavy exercise up 
to 16% of cardiac output is directed to the respiratory muscles (Harms et aL, 1998) and 
the oxygen cost of breathing may approach 15% of total oxygen consumption (Harms 
et al., 1997). Dempsey (1986) suggests that ventilation can be considered a limiting 
factor in performance at high levels where the pulmonary systems capacity for oxygen 
transport will not meet the demands of both the exercising limbs and the respiratory 
system. 
1.4.2 Can the Respiratory Muscles be trained? 
In order to assess the likelihood of an improvement in performance and efficiency it is 
important to investigate the role of respiratory muscle fatigue, the associated sensations 
and any negative effects on performance. It may also be of use to determine those 
individuals or disciplines that may receive the most benefit. For example the following 
Figure 1-7 shows that age in particular is a good indicator of a reduction in pressure 
generating capabilities and thus a potential for improvement. 
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Figure 1-7. The effect of age on maximum 
inspiratory pressure taken from Ringgvist, 1966 (male 
and female combined). 
Two reviews which explore the possibility that training the respiratory system can be 
beneficial to performance are 'Breathless Legs? Consider Training your Respiration' 
(Spengler and Boutellier, 2000) and `Respiratory muscle fatigue limiting physical 
exercise' (Fitting, 1991). Both of these sources summarise a portion of the available 
literature concerning this issue. 
Spengler and Boutellier (2000) suggest that respiratory muscle fatigue occurs after long 
races such as marathon, ultramarathon and triathlon. An example of this is a paper by 
Loke et al., (1982) who took respiratory strength and endurance measurements of four 
runners before and after completing a marathon race. In terms of strength 
measurements, maximum inspiratory pressure was shown to fall from 165.8±11 to 
138.5±7.6cmH2O. Similarly, a reduction in endurance values for MVV is shown 
(178±24.2 to 161.2±23.21"miri 1). Similarly, a study by Bender and Martin (1985), with a 
slightly different emphasis, also showed that long term exhausting exercise reduces the 
capacity to maximally ventilate. 60s MVV was significantly reduced (P<0.05) 10min 
post-exercise. It is likely that inspiratory muscle fatigue occurred in both these studies 
possibly as a direct result of a prolonged period of muscle activation that may approach 
the limits of the endurance capabilities of the inspiratory muscles. It is not however only 
prolonged exercise that causes reduction in inspiratory muscle performance. 
In a more controlled environment, Martin et al. (1982) compared groups carrying out 
short-term maximal running with and without prior ventilatory work. Subjects that had 
received the prior work stopped running at a lower level of ventilation (117 vs. 
1241-min-') and heart rate (179 vs. 187bpm). Time to exhaustion was also reduced after 
the ventilatory work 7.34±0.24 vs. 6.31±0.25 minutes (P<0.01). This suggests that 
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induced inspiratory muscle fatigue can reduce exercise performance even over a short 
period. It should be noted however that this test did involve maximal levels of exercise. 
A study highlighted by Fitting (1991) involving more specific, invasive measurement of 
respiratory muscle fatigue was conducted by Bye et al., (1984). They showed that 
transdiaphragmatic pressure (Pd) was reduced by 12% after exercise to exhaustion at a 
constant workload (80% maximum power output). Johnson et al., (1993) took this a 
stage further by removing the requirement of motivation from the individual. Bilateral 
transcutaneous supramaximal phrenic nerve stimulation (BPNS) was carried out 
whereby the diaphragm is externally stimulated and twitch P, was recorded at four lung 
volumes before and immediately after exercising to exhaustion. A reduction was again 
seen, 15±5% at functional residual capacity. It was also concluded that diaphragmatic 
fatigue was most to likely occur as the relative intensity of exercise exceeds 85% 
VO2ma 
. 
These studies isolate the diaphragm, the major muscle of inspiration and its 
fatigue following relatively high intensity exercise as per the study completed by Martin 
et al. (1982). 
In 1996, Johnson et al published further findings and suggest that the respiratory 
muscle and specifically diaphragmatic fatigue present may limit human performance at 
extreme levels (>90-95% VO2m ). The study described the comparison of unloading of 
the respiratory muscles by either a pressure-assist device or the breathing of a 
helium/oxygen mixture and a control condition during exercise. An interesting 
comment within this paper is the speculation that the diaphragm contributes less to the 
overall respiratory pressure output as exercise progresses. This is seen as a plateau in 
the pressure output of the diaphragm relative to the total respiratory pressure output at 
these bouts of high intensity exercise. 
More recently, Lomax and McConnell (2003) demonstrated that inspiratory muscle 
fatigue can be displayed in swimmers following as little as 2.7min at a workload 
corresponding to 90-95% race pace over a 200m front-crawl swim. This was evident 
from MIP manoeuvres completed in the supine position where a significant reduction 
post exercise compared with baseline was shown (112±20.4cmH2O cf. 80±15.7cmH2O 
respectively, P<0.01). 
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Harms et al. (1997) conducted a study of the effect of respiratory muscle work upon the 
distribution of blood during maximal exercise. This study offers an additional 
perspective upon the possibility of whole body performance being reduced by 
respiratory muscle work. It reported that an inverse correlation was found between 
work of breathing and blood flow to the legs (r = 0.74-0.90; P<0.05) at a constant 
maximal work rate. Three conditions are highlighted (mechanical respiratory unloading, 
respiratory loading, control) for leg oxygen uptake as a percentage of VO2m . 
In a 
control group this value is 81% however with respiratory unloading this value increases 
to 89% and reduces to 71% with the addition of external respiratory work. A further 
study (Harms et al., 1998) observed a similar effect upon cardiac output (CO) and 
combined with their previous findings they concluded that up to 14-16% of CO is 
directed to the respiratory muscles during maximal exercise and blood flow to the leg 
muscles is compromised as a result. 
A further assessment was made by Harms et al. (2000) to analyse the effect of 
respiratory muscle work on maximal exercise performance (90% V02max ). It is reported 
that time to exhaustion decreased in 83% of the trials under additional respiratory load 
(3 - 7cmH2O"l-'"s) by an average of 1.0±0.6min (7.1±1.7min to 6.1±1.2min). 
Conversely, respiratory unloading permitted subjects to significantly increase exercise 
duration by 1.3±2.0min (9.1±2.6min to 10.4±2.9min). The authors again speculated 
that the respiratory loading caused a reduction in leg blood flow, which enhances the 
onset of leg fatigue and the intensity with which leg and respiratory effort are perceived. 
In 2002, Babcock et al carried out a study specifically observing the effect of 
mechanically unloading respiration upon exercise-induced diaphragmatic fatigue. 
Bilateral phrenic nerve stimulation was used to assess the magnitude of fatigue caused 
by exercise to exhaustion at 80 - 85% VO2max . It shows that diaphragmatic pressure was 
reduced by 20 - 30% for up to 60min after exercise. During respiratory muscle 
unloading (reduction of work of breathing by 40 - 50%) diaphragmatic fatigue was 
prevented. This data suggests that the diaphragm may be specifically responsible for the 
changes in exercise tolerance as described by Harms et al. (2000). 
Segizbaeva and Isaev (1999) also conducted a study comparing the performance of a 
group of subjects but in this case breathing air, oxygen and hypoxic gas mixtures under 
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resistive loading (12cMH20*1-1 s). The exercise protocol required each subject to 
complete an incremental cycle test to volitional failure. An electromyogram (EMG, 
electrical measurement of muscle activity) of the respiratory muscles was used to 
identify the level of fatigue and given in a ratio of decreased high frequency to increased 
low frequency components compared with initial muscle activity. The group breathing 
hypoxic gas showed the greatest level of fatigue (29%) compared to the group breathing 
oxygen (5%) and air (20%). Maximum working capacity was observed to be higher in 
the oxygen-breathing group. In a further study (Segizbaeva and Isaev, 2000) 
implemented a much higher load (40cmH2O. 1"'"s) and although a 36% decrease in the 
high frequency to low frequency muscle activity ratio was observed, the type of gas 
mixture did not have any effect. This is described as being due to the severity of the 
resistance causing rapid, maximal muscle contraction and impaired blood supply, early 
metabolic and respiratory acidosis, and ultimately exercise failure. It is concluded that 
compared to other skeletal muscles, the inspiratory muscles have a greater capacity for 
restoring the working capacity after fatigue and are amenable to training. 
It has been suggested by some of the literature that certain groups are resistant to the 
previously reported inspiratory muscle fatigue via an enhanced status of whole body 
training. Boussana et al. (2002) compared the effect of cycling followed by running on 
the respiratory muscle performance of elite (n = 5) and competition (n = 6) triathletes. 
Despite no significant difference between V02m and ventilatory threshold the 
competition athletes displayed significantly higher minute ventilation, breathing 
frequency and heart rate during the exercise tests. Following the tests, significantly lower 
maximum inspiratory pressure and respiratory endurance were also noticed in the 
competition athletes compared to the elite athletes, suggesting the presence of fatigue 
and a lack of specific adaptation of the respiratory muscles. This could be evidence in 
favour of the argument that the normal regimes of elite athletes are sufficient to 
increase resistance to inspiratory muscle fatigue. This difference may however be 
associated with a basic genetic difference between the groups of triathletes with the elite 
triathletes being more suited to completing the triathlon event whilst the competition 
triathletes who although complete equivalent training are not as genetically suited. 
Similar comparisons of subjects at different trained status have been made by Eastwood 
et al. (2001), Nava et al. (1992) and Coast et aL (1990) whereby the presence of 
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respiratory muscle fatigue was less prominent or not evident in athletes compared to 
sedentary subjects. Elite performers do seem to have an increased adaptation of the 
respiratory muscles due to their enhanced trained status, however further reasons may 
also exist for these contrasting results in the basic genetic differences between 
individuals. A comparatively higher performance may be due to nature as well as due to 
nurturing. In the Eastwood et al. (2001) example it is concluded that an increased 
respiratory muscle endurance seen in athletes was due to the adoption of a different 
breathing pattern. It could be speculated that this change is in fact due increased 
breathing comfort, and an indication of enhanced respiratory muscle performance 
(resistance to fatigue). 
McConnell et al. (1997) developed a possible explanation for the difference in cross 
study data by comparing baseline inspiratory muscle strength to fatigue. Following a 
shuttle run to volitional fatigue it was observed that the subjects with the weakest 
inspiratory muscles as determined using a mouth pressure meter did indeed display 
significantly greater fatigue (-17±SD 7.8% cf. -6.8±SD 4.4% for the 25th and 75`h 
percentiles respectively, P<0.01) post exercise. 
Further discrepancies in the literature may also be due to insufficient habituation of 
inspiratory manoeuvres. Nava et al. (1992) for example, who used MIP measurements 
pre, during and post exercise to assess the presence of respiratory muscle fatigue, did 
not consider the potential for warm-up following a limited number of manoeuvres at 
each stage (Volianitis etal., 1999). It could be possible that the baseline value taken prior 
to commencing exercise would have increased following a warm-up activity; the value 
achieved at the end of the exercise may therefore have indeed reflected respiratory 
muscle fatigue. They may also have suffered from the potential for volitional efforts to 
be unreliable (Polkey et al., 1995). 
1.4.3 Summary 
In summary, it is clear that the respiratory muscles are susceptible to the effects of 
fatigue following long and short-term exercise leading to a reduction in both specific 
and global performance. The diaphragm has been cited as being predominantly 
responsible following studies involving both voluntary and stimulated activation. It has 
been suggested in the literature that the possible mechanism for whole body fatigue may 
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be the result of a redistribution of oxygen, blood flow and cardiac output during heavy 
exercise (Harms et al., 1997 and 2000) whereby the inspiratory muscles are stealing from 
the working limbs. Inspiratory muscle fatigue has been shown to be alleviated by 
reducing the work of breathing by unloading the respiratory muscles mechanically 
(Babcock, 2002) or by the inhalation of oxygen rich gases (Segizbaeva and Isaev, 1999) 
compared to hypoxic gases and resistive loading. 
The extent of inspiratory muscle fatigue has been suggested by the literature to vary 
with groups of different trained statuses. Whilst this may be true when comparing 
sedentary sedentary and trained individuals, there may be alternative reasons such as 
genetic suitability when comparing competition and elite athletes. 
Given that inspiratory muscle fatigue has been linked to reduced exercise performance 
and shown to be reduced by mechanical or chemical means it is therefore reasonable to 
assume that a reduction in the magnitude of some of these adverse effects is possible by 
means of training the muscles involved. It is acknowledged that the extent of the 
improvements will vary depending on the targeted group i. e. level of trained status, 
however recognising the importance of even a small competitive advantage in modern 
sport should warrant the further investigation of inspiratory muscle training. 
1.5 Respiratory Muscle Training Technologies 
1.5.1 Introduction 
Respiratory muscle training methods can be grouped by function or process and split 
into two distinct areas; respiratory muscle training (RM'I' devices and inspiratory 
muscle training (IMT) devices. Respiratory muscle training devices are defined as being 
able to provide a training stimulus to the complete breathing cycle. Inspiratory muscle 
training devices target the inspiratory muscles. The literature does not seem to identify 
any isolated expiratory muscle training studies. Within these groups there is a certain 
amount of overlap with particular devices, however they have been grouped as per their 
primary function. The methods range from laboratory based equipment to more 
versatile, often commercially available applications that have increased portability or 
ease of use. 
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The initial technique to receive attention in this thesis is hyperpnoea, a respiratory 
muscle training device, whereby the user is required to maintain high rates of ventilation 
and rebreathe via a set of apparatus. Secondly flow-resistive loading will be covered, 
examining the change of flow dynamics by breathing through a restricted aperture and 
its affect on the respiratory system. This is followed by the TIRE method, a 
development of flow-resistive training, which involves the sustaining of maximal 
inspiratory pressure (MIP) over a number of manoeuvres. Pressure-threshold loading is 
then approached involving various techniques of mechanically loading the respiratory 
system whilst also maintaining independence from flow. Alternative technologies are 
also described that provide a similar stimulus to that of pressure-threshold. Finally, 
elastic-loading methods will also be analysed, which involve the physical control of 
thoracic movement. 
1.5.2 Hyperpnoea 
The usual method employed to elevate ventilation is voluntary isocapnic hyperpnoea 
(VIH). This procedure involves maintaining elevated ventilation; hyperventilation with 
regulated gas exchange. To allow the body to work at a level of increased ventilation, 
elaborate apparatus are often required to regulate inspired gas concentrations thereby 
maintaining CO2 concentrations (isocapnia). A commonly used technique is to 
rebreathe through a partially closed system, in which the subject breathes at proportions 
of their maximum voluntary ventilation (MVV) into a dead space. 
These methods are implemented via a selection of techniques for example; Leith and 
Bradley (1976) developed apparatus that allowed subjects to partially rebreathe via a 
large dead space tube with a rubber mouthpiece where gas was admitted. A 7-litre bag at 
the end of the tube acted as a reservoir and ventilatory target. Air was continually 
supplied and the subject was encouraged to keep the bag as empty as possible. Refer to 
Figure 1-8 for a diagrammatic representation. 
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Figure 1-8. Partial Rebreathing System: Actual 
ventilation (VE ), Fresh gas flow (VA ), E is the 
expired air. 
This rig was useful for measuring and promoting respiratory endurance and the authors 
also undertook separate means of respiratory strength training. Leith and Bradley used 
static inspiratory manoeuvres for strength training whereby the subject sustained 
%volumes of their vital capacity (VC) for a few seconds at 20% VC intervals (Mueller 
manoeuvre). This activity resulted in a 55% increase in inspiratory muscle strength. The 
results of the respiratory endurance training were compared with values for MVV over 
15s at the beginning of the activity. Following a 5-week training period subjects could 
sustain hyperpnoea at 96% of their original MVV, compared to 81% at the start. 
O'Kroy and Coast (1993) who used VIH in a comparative study alongside inspiratory, 
expiratory loading and exercise have obtained similar results in terms of MVV 
performance. With regards to VIH, subjects hyperventilated at 70% of their MVV for 
20min. The results generated were an increase in time to inspiratory fatigue (P<0.01) 
and an increase in MIP (P<0.01). The effect of these results upon whole body 
performance is not reported in these two studies and whilst MVV improvements are 
considerable, the transfer of these to whole body performance improvements is of 
greater interest. 
An example of the implementation of VIH as a means of improving exercise endurance 
(cycling test, 70% max work rate) as well as respiratory muscle performance is from a 
publication by Markov et aL (2001). Three groups of subjects undertook different 
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protocols for a 15-week period, endurance training, VIH or no training (control). 
Improvements in cycle endurance time were seen in both the endurance trained and 
VIH groups with no changes seen within the untrained group. For the VIH group the 
results were an increase from 35±11min to 45±18min post training. The most 
important finding of this paper is that the performance improvements were not 
attributed to increased myocardial performance in that stroke volume and heart rate at 
the given workloads were not changed. It was therefore concluded that the increased 
respiratory and cycling endurance were attributed to the RMT sessions suggesting that 
factors associated with the respiratory system are likely to limit exercise endurance at 
submaximal intensities. 
The above study involves healthy sedentary subjects who may be more susceptible to 
whole body performance improvements compared to trained subjects. Boutellier et al. 
(1992 A and B) provides two examples of the application of a version of VIH. Separate 
studies were conducted to analyse the benefits of respiratory training in both trained 
(1992A) and sedentary (1992B) subjects thus permitting a comparison. Subjects 
completed 30 minutes per day, 5 days per week for 4 weeks in both cases. The specific 
protocol followed a respiratory endurance test at fixed breathing frequencies between 
42 and 481"min 1 at tidal volumes between 2.5 and 3.251 through a gas controlled 
breathing circuit. Cycle endurance in the trained subjects at anaerobic threshold 
increased from 22.8±8.3min (mean±SD) to 31.5±12.6min following respiratory 
training. The sedentary subjects were tested at 70% of the physical work capacity 
corresponding to 170bpm on the cycle ergometer. Time to exhaustion increased from 
26.8±5.9min to 40.2±9.2min. The study did not however include a control group. 
Whilst there are improvements in both cases (trained and sedentary), the two 
performance measures are not directly comparable. 
A subsequent study by Spengler et al. (1999) investigated the mechanisms by which 
performance measurements are achieved placing an emphasis on the changed blood 
lactate levels after a 4-week period of VIH. In line with previously analysed studies 
respiratory endurance and cycling endurance were significantly increased (P<0.001 and 
P<0.01 respectively) however, interestingly while PO2 remained unchanged, blood 
lactate concentration was reduced after the intervention period (incremental cycle test 
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P<0.001, endurance cycle test P<0.01). The authors speculate that this reduction is due 
to an improved lactate uptake by the trained respiratory muscles. 
McMahon et al. (2002) implemented a 4-6week hyperpnoea training protocol (20 x 
30min) in 10 trained male cyclists (10 additional trained cyclists completed a control 
session). Prior to and following the training period, subjects completed cycling tests to 
exhaustion and as per the study conducted by Boutellier et al. (1992), the group 
undertaking hyperpnoea training displayed a significantly increased time to exhaustion 
(P<0.05). The training group also demonstrated a reduced peripheral chemoreceptor 
sensitivity (modified Dejours O2 test) compared to the control. 
VIH is therefore a valid method with regards to obtaining training benefits and 
improved endurance characteristics. The apparatus involved however is generally 
cumbersome and does not lend itself to strength or power training protocols. A recent 
development has reduced this issue. This device is called The Spirotiger (Figure 1-9). 
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Figure 1-9. Spirotiger, handheld hyperpnoea trainer. 
Image taken from www. fg- 
deutschland. de/en/spirostart. html 
The device consists a one-way valve, a rebreathing bag (yellow component) and a 
control unit. The user sets breathing frequency and volume on the control unit, which 
monitors any changes during training. An audible signal identifies any deviance from 
the initial settings. This device successfully removes the requirement for confinement to 
the laboratory and hence one of the limitations of hyperpnoea training. It remains 
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however that the training protocol cannot be completed in an ambulatory situation 
without control of the breathing pattern, which may provide additional benefits. 
Summary 
Hyperpnoea training has been shown to increase respiratory endurance whereby 
subjects are able to tolerate proportions of their MVV for longer or at higher intensities. 
This seems to be beneficial to whole body performance via increased time to exhaustion 
during fixed work rate exercise. The mechanisms for these improvements appear to be 
an improved lactate uptake by the respiratory muscles and reduced peripheral 
chemoreceptor sensitivity. This in particular may be due to the exposure to elevated 
levels of discomfort associated with breathing close to MVV for prolonged periods. 
The existing technology has seen improvement from the large apparatus of earlier 
studies to the Spirotiger handheld device however a control of breathing pattern is still 
necessary. In both configurations however the technology does not provide any 
respiratory strength benefits without the inclusion of a separate protocol. It is possible 
that a development of the technology achieved by this thesis might include strength 
training aspects combined with hyperpnoea concepts in a single device thus potentially 
increasing any whole body performance improvements. 
1.5.3 Flow-Resistive Loading 
In simple terms, flow-resistive loading is the method of breathing through a variety of 
different sized apertures. By altering the calibre of the aperture it is possible to increase 
or decrease the resistance to airflow for a particular breathing pattern. 
The earliest found example of a training device is that of Kim (1981), who created a 
mouthpiece with interchangeable rings (Figure 1-10) to decrease or increase the 
resistance. The device was intended as a dynamic training aid for sports such as boxing 
or wrestling. The basic concept behind the design was to provide a resistance that the 
"respiratory organs" would adapt to, thus improving their functional capabilities. 
Unfortunately, the study does not contain any performance data or scientific reference, 
however it is interesting to note the use of a dynamically applied unit and the simplicity 
with which it was achieved. 
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Figure 1-10. Kim (1981) Dynamic Resistance 
Trainer. 
More recent studies have involved increasingly complex apparatus in non-exercising 
experiments however respiratory performance data are presented. For example, Mador 
and Acevedo (1991), and Redline et al. (1991) produced circuits providing a dead space. 
Resistance was then added, for example in the case of Redline et al. (1991) using wire 
mesh screens embedded within Plexiglas cassettes. These had 4.5cm diameter central 
openings and were arranged into a manifold. The pressure ranges achieved were -3.5 to 
-50.6cmH20(l"s-')-'. Training benefits are reported in terms of a reduction in respiratory 
sensation, however a 51% improvement of maximal inspiratory pressure was also 
documented. They conclude that the "finding of a parallel downward shift of the curves 
describing the relationship of sensation intensity and airway pressure with increasing 
muscle strength suggests that significant physiological increases in muscle strength 
reduce the perceived intensity of given ventilatory stimuli during loaded breathing" 
(Redline et al. 1991). 
For a different approach to using flow resistive training a recent study carried out by 
Gorman et al., (1999) should be consulted. The purpose of the work was to relate task 
failure, breathing discomfort and CO2 accumulation without fatigue during inspiratory 
resistive loading. The relatively large apparatus consisted of a whole body 
plethysmograph for lung volume measurement, and a circuit containing a threshold 
valve for loaded breathing in series with a resistance device. This device was simple 
comprising of a hole with a range of 2.2-2.7mm in diameter. This circuit continually 
analysed the subjects' breathing, providing feedback on a computer screen allowing 
target pressures to be met. This overcomes the problem of an alteration in breathing 
pattern, however it renders it suitable for laboratory use only. 
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In a return to simplistic devices as per the mouthpiece in Kim (1981), Belman et al. 
(1995) implemented a study involving a commercial handheld flow resistive inspiratory 
trainer, the Pflex (a Healthscan Ltd. product). This particular study analysed ventilatory 
load characteristics during ventilatory muscle training. The general protocol was to 
compare training stimuli; unloaded hyperpnoea, resistive breathing (Pflex), loaded 
breathing through a threshold device (see following section), and repetitive maximal 
inspiratory manoeuvres against a closed shutter. 
In this instance the Pflex device was used on a single setting, however a dial on the top 
of the device can select between several resistances, see Figure 1-11. 
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Figure 1-11. Pflex Resistive Trainer (Healthscan). 
During the procedure, breathing patterns were set at 15 and 30 breaths per min. With 
this constraint the resistive method compared closely to threshold training in terms of 
work of breathing and minute ventilation. The Pflex and flow-resistive training as a 
whole does however have a few drawbacks in that it is reliant on the user maintaining a 
constant pattern of breathing. For example, a subject will generate a lower pressure 
breathing slowly through the small aperture than breathing rapidly through a large 
aperture. Thus, to obtain a training response a constraint on breathing pattern must be 
applied. 
There are alternative commercially available trainers that tackle this issue in stand-alone 
packages. A good example is the RespiFlT 1000, (Biegler Medizin Elektronik, Austria) 
which is a table/desk top electronic device with a small LCD for feedback thus ensuring 
that airflow and user effort is maintained; see Figure 1-12. Figure 1-13 shows the Sports 
Breather (Dreams Distribution, Inc. Texas) and the Ultrabreathe 
(www. ultrabreathe. com), which provide a stimulus similar to that of the previously 
reported Pflex. 
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Figure 1-12. RespilýIT 1000 from the Bieglerwebsite, 
a resistive device with visual feedback. 
Figure 1-13. THE SPORTS BREATHERTM (left) 
from Dreams Distribution, Inc and PN Medical and 
Ultrabreathe (right, www. ultrabreathe. com) both use 
simple resistive technology. 
Summay 
Flow-resistive technologies have shown to provide inspiratory strength improvements 
under controlled studies whereby breathing pattern was monitored. These 
improvements can be achieved with relatively simple equipment however it is clearly 
difficult to achieve a quantifiable load without this breathing pattern control and 
therefore some kind of feedback device. The RespiFlT 1000 fulfils these requirements 
in a tabletop unit. 
A major finding of this portion of the literature review is that there seems to be a large 
technology gap between this tabletop unit and simple devices such as the Pflex. A 
technical challenge that could be addressed by this thesis might be the introduction of a 
loading technology that offers a compact feedback and breathing pattern control similar 
to that offered by the Spirotiger handheld hyperpnoea device. 
1.5.4 TIRE method 
The TIRE method (Test of Incremental Respiratory Endurance) is a hybrid of the non- 
invasive MIP test developed by Black and Hyatt (1969) and flow-resistive training 
techniques. The system was developed by K Chatham and colleagues and documented 
in an initial study (Chatham, 1995). The method requires the user to complete a 
maximal sustained inspiration against a partial occlusion (2mm diameter). The pressure 
developed at the mouth during a full maximal inspiration against this load is fed back 
real-time to specially designed software producing an individual's pressure-time curve 
and sustained maximal inspiratory pressure (SMIP). 
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Figure 1-14. TIRE handheld unit and sample 
sustained MIP curve taken from Train-AIR website 
(www. traf n ai r. c o. uk) . 
An initial pilot study as a means of RMT (Chatham et al., 1996) defines the application 
of this technology. Initially the maximal inspired pressure-time curve is defined. The 
subject is then required to reproduce this manoeuvre 6 times at 80% of the recorded 
maximal curve via visual feedback at gradually reducing recovery time intervals (60,45, 
30,15,10 and 5 seconds, a maximum of 36 manoeuvres). A visual analogue scale is 
used to identify perceived respiratory effort. This training is continued until the subject 
fails to maintain at least 90% of this level during one of the 36 manoeuvres. During the 
initial pilot this procedure was repeated three times a week for ten weeks and at each 
session SMIP was retested so that the 80% value gradually increased. To assess the 
success of the training method, improvements in inspiratory muscle strength (MIP) and 
endurance (point of TIRE failure expressed in total pressure time units) were taken. 
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Both increased significantly (P<0.005) and subjects reported anecdotally a reduction in 
dyspnoea and improvement in exercise performance. 
A further study (Chatham et al., 1999) was implemented to quantify the reported 
exercise improvements. Twenty-two subjects (mean age 26 years, 12 female and 10 
male) who regularly participated in recreational sport were split between training and 
control groups (5 male, 6 female in each group). Each group completed the TIRE 
method in weeks 1 and 10 of a ten week study. For the remaining 8 weeks the training 
group completed the protocol as previously described while the control group ceased 
any RMT. Also in weeks 1 and 10, each subject completed a `shuttle run' fitness test. 
Shuttle run performance increased by 240m, or to 1 level and 2 shuttles for the TIRE 
trained group whereas no significant changes were seen in the control group therefore 
suggesting an increased time to exhaustion with the use of the TIRE method. 
An improvement in exercise performance was also demonstrated in a study by Gething 
et al. (2001), on a group of 10 healthy subjects who completed cycle endurance tests. 
The study was conducted over a nine-week TIRE training period after which MIP and 
sustained MIP was significantly increased (134±35cmH20 vs. 180±39cmH20 post 
training for MIP, P<0.05), cycling endurance at 75%V02 peak was 
increased by 36% and 
rating of perceived exertion (RPE) was significantly reduced despite similar final heart 
rate. This response was not displayed in a control group in the absence of the TIRE 
protocol. VO2peak did not change. A second study by Gething et al. (2003) compared 
submaximal and maximal use of the TIRE method and showed that following a 6-week 
training period heart rate was also reduced, significantly in the maximal group (- 
4.5±7.6bpm, P<0.05). 
Summary 
The key factor of performance improvement using the TIRE method would seem to be 
related to the ability to load maximally across an entire inspiration. Not surprisingly 
therefore, maximal inspiratory pressure or respiratory muscle strength is improved. The 
exercise performance improvements are associated with increased time to exhaustion at 
fixed intensities and RPE. These fixed intensities are similar to those employed in 
hyperpnoea studies and indeed the magnitude of improved time to exhaustion is also 
similar (Gething et al., 2001 (TIRE) 36% improvement at 75% maximal oxygen uptake 
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compared with Markov et al., 2001 (VIH), approximately 30% improvement at 70% 
maximal work rate cycling test). 
In the context of the current thesis it is not instantly obvious where technological 
improvements of the TIRE method could be made with regards to further improving 
the achieved performance enhancements. Further analysis of the limitations, 
mechanisms of muscle adaptation and comparison with other technology is necessary. 
This will be approached in Chapter 3. 
1.5.5 Pressure-Threshold Loading 
The basic concept of pressure-threshold loading requires a fixed threshold load supplied 
by some kind of mechanical resistance to be overcome during an inspiration. It has 
been suggested that this technique is comparatively superior to other technologies 
because the action of the inspiratory muscles results in generation of negative pressure, 
methods of evaluating inspiratory muscle function by measuring pressure would 
therefore be preferable to those that measure volumes (Nickerson and Keens, 1982). 
The first available example is from the work of Nickerson and Keens (1982) in the 
form of a weighted plunger, a device initially conceptualised for measurement purposes. 
The subject was required to generate a negative mouth pressure in an attempt to lift the 
plunger, which acted as an inspiratory valve. The pressure required was directly related 
to the weight of the plunger. 
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Figure 1-15. Nickerson and Keens' Weighted Plunger 
(1982) (IV is the inspiratory valve, E is the expired 
air). 
The protocol used, assumed that throughout an inspiration the pressure remained 
constant and above the threshold pressure (Pa, ) there was no load produced by 
resistance of flow. Data generated below Pt, reported flow to be less than 0.051"s-1 
(Nickerson and Keens, 1982). 
The majority of the applications of Nickerson and Keen's device involve the assessment 
of respiratory tolerance to load. The weighted plunger lends itself to this application due 
to the ease of providing an adjustable and quantifiable load relative to an individual's 
maximum inspiratory pressure. Martyn et al. (1986) and McElvaney et al. (1989) for 
example, conducted similar studies comparing the effects of incremental loading with a 
sustained T,;, n test 
(length of time that a fixed load was tolerated). Martyn et al (1986) 
showed that subjects could tolerate higher loads during an incremental test. In the case 
of McElvaney et al. (1989) they assessed which protocol was most useful at predicting 
inspiratory muscle endurance. They concluded that the incremental loading test had 
much smaller intraindividual coefficients of variation. 
Using methods more critical to exercise performance Supinski et al. (1987) and Mador 
and Acevedo (1991), conducted studies using a Borg scale (Borg, 1971) to assess the 
perception of effort during loaded breathing and exercise time respectively. Supinski et 
al. (1987) concluded that the sense of dyspnoea was affected more severely by an 
increase in intensity rather than increased duration of load exposure. Mador and 
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Airflow 
Acevedo (1991) showed that high-intensity exercise performance (cycle ergometer) was 
impaired with the induction of respiratory fatigue using the weighted plunger device. 
The magnitude of this was a reduction in exercise time, 238±69 vs. 311±98s 
(mean±SD) (P<0.001). 
The weighted plunger has received several design iterations from the original device 
conceived by Nickerson and Keens (1982) to improve its functionality over the years. 
Flynn et al. (1989) describe one of these developments comprising a pocket-sized, 
portable device in which the plunger consisted of a shaped plastic tube that contained 
lead weights. 
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Figure 1-16. Flynn et al. 's (1989) Weighted Plunger. 
Eastwood and Hillman (1995) explored ways to improve the pressure-flow 
characteristics of the weighted plunger. The modifications also served to remove the 
necessity of vertical orientation to maintain a seal. The way in which this was 
approached was to replace the `0' ring and plunger with the diaphragm and valve 
seating from a threshold valve used to deliver positive end expiratory pressure (AMBU 
10, AMBU International, Denmark). The weights were attached to this diaphragm via a 
spindle. This configuration allows lateral movement without compromising the airtight 
seal. The weight on the plunger was directly proportional to threshold pressure (Pt). 
The load was largely independent of flow once Pt, was exceeded. Pressure developed at 
an inspiratory flow of 1.3±0. I1"s-1 was 13.6±7.0% below Pth. 
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Eastwood et al. (1994) describes a study, which involved the application of the above- 
mentioned weighted plunger modifications in terms of ventilatory responses to 
inspiratory threshold loading and role of muscle fatigue in task failure. Load was applied 
incrementally, 14±5cmH2O every two minutes until failure (similar to previously 
described studies). Failure was deemed the point at which the subject could no longer 
carry out an inspiration. The conclusion taken from this study was that apparently 
progressive threshold loading produced compensatory changes in breathing pattern and 
lung volume to optimise muscle strength and endurance. This was shown as a reduction 
in inspiratory time and an increase in mean inspiratory flow and expiratory time at 
moderate loads (50-75% MIP) thus, as suggested by the authors, increasing time for 
recovery between inspirations. At high loads (>75% MIP) mean inspiratory flow was 
decreased and end expiratory lung volume was progressively decreased thus increasing 
potential for inspiratory force development. At the point of failure it was assumed that 
these compensatory reactions were maximal. 
The remaining examples of weighted plungers in the context of inspiratory muscle 
loading are more recent. Fiz et al. (1998) completed a useful experiment concentrating 
on healthy subjects and indices of respiratory muscle endurance. They found that 
maximum tolerable loads were not significantly different for male or female subjects, 
however endurance was correlated with individual maximum tolerated load, age, height 
and maximum respiratory pressures. 
Whilst the above studies are useful in proving the versatility of the weighted plunger 
technology in its application and showing that modifications to its functionality can 
improve ease of operation and flow characteristics they do not elude to the magnitude 
of training benefits. Evidence of the weighted plunger being beneficial as a training aid 
comes from a study carried out by Clanton et al. (1985). A similar device to that of 
Nickerson and Keens (1982) was constructed although for the sake of functionality the 
weights appeared on the exterior. The main reason for this was to ensure ease of change 
of resistance during the study. The equipment developed was nearly independent of 
flow as in Nickerson and Keens study (1982) however flow values recorded were 
higher. The extent of this was that a 0.21"s-1 change in flow contributed to 1.5 to 
2.5cmH2O increase in mouth pressure. 
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The training protocol was applied over a ten-week period with the first two weeks 
involving learning activities with regards to the equipment and generating maximum 
performance values. All subjects trained while sustaining a rigid body position to avoid 
accessory muscle intervention. Each subject was assessed as to the amount of time (T,; m) 
they could maintain a fixed breathing pattern (respiratory endurance). Throughout the 
activity VE was set at 65% of the maximum inspiratory pressure value (P recorded 
by each subject at the beginning of the study. A visual target in the form of an 
oscilloscope was used to ensure breathing pattern and minute ventilation levels. Results 
obtained were such that P, increased by an average of 50±9SD cmH2O. The 
maximum mouth pressure endured improved from -114±26cmH20 to - 
178±24cmH20 thus proving that the device could be used as a training aid for 
respiratory strength and endurance purposes. The large gains seen here are however 
probably attributed to the control of breathing pattern ensuring maximal effort, and 
also the long training period (10 weeks). 
The devices and studies reviewed so far have been focussed on devices similar to that 
first conceptualised by Nickerson and Keens (1982). Also, the training benefits explored 
involve improvements to only the respiratory muscles and not the whole body, which is 
more relevant to this thesis. These devices have proven to be effective, however, with 
some drawbacks. This is particularly evident in the necessity to maintain an upright 
posture in most cases and the fact that it is likely that these units were expensive to 
reproduce. It would also be more beneficial to develop a device that did not have 
gravity as a limiting factor. The first evidence of a fresh perspective on inspiratory 
muscle loading is from a paper written by Larson et al. 1988. 
Larson et al. (1988) developed a device for COPD patients that maintained the pressure 
threshold technique, but using a sprung poppet valve. By adjusting the tension on a 
spring the threshold pressure could be altered between -5 and -35cmH20. This device 
has obvious benefits over the weighted plunger method in that it will work in any 
orientation, it is lightweight, consisting of polymers for the majority of its construction 
and it has simple adjustment without the addition of extra material. The unit can 
maintain a relatively constant inspiratory pressure load with flow rates as high as 31"s"1. 
The paper refers to the unit having an increase in inspiratory loads in the region of 1 to 
2cmH2O at `higher loads', i. e. greater flow rates. 
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The unit conceptualised for the purpose of Larson et al's study (1988) was developed 
and commercialised as the THRESHOLD. The Threshold developed by Healthscan 
Products, New Jersey, USA consists of a plastic cylinder and a valve, which is pushed 
on the inspiratory port by a spring as in Larson et al. 's study. The spring is however, 
interchangeable depending on the required pressure. The reliability of this device was 
studied by Gosselink et al. (1996). It was shown to have a small coefficient of variation 
in pressure despite large changes in flow, however this device was intended mainly for 
clinical use and pressure loads obtainable were far below that required for strength 
biased IMT in athletes. 
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Figure 1-17. THRESHOLD, Healthscan Products 
(IV = inspiratory valve). 
The use of this device in training studies was much more common possibly due to its 
improved ease of use study with comparative loading capabilities. A study carried out by 
Johnson et aL (1996) compared the Threshold device to the weighted plunger in terms 
of its training suitability. Over the range of training pressures examined, the Threshold 
device performed well, with small discrepancies in the pressures obtained. For example 
with the opening pressures set at 10,20,30, and 40cmH2O the Threshold had measured 
values of 7.5,16.9,26.2 and 39.1cmH2O respectively compared with 9.0,19.3,27.9 and 
39.2cmH2O measured for the weighted plunger. 
Suzuki et aL (1993) implemented an inspiratory training program using the Threshold 
device while assessing respiratory sensation during treadmill exercise. In a four-week 
training program the subjects increased their maximal inspiratory and 
34 
4 
transdiaphragmatic pressure by 30% with a load set at 30% of each individuals maximal 
inspiratory pressure. A Borg scale was used to assess the respiratory sensation during 
exercise but did not show any significant results. The most interesting comment by the 
authors in relation to this finding following reference to Ward et al. (1988) is that 
respiratory sensation may in part be related to the activity of the intercostal-accessory 
muscles. The increases in Pt; and MIP following IMT are 33 and 31cmH2O respectively 
which is suggested by the authors to demonstrate the possibility that no strength 
increases in the intercostal-accessory muscles occurred. It is however more likely that 
the training load was not sufficiently high to recruit the combined inspiratory muscles. 
This reiterates the fact that this device is not as suitable for training a healthy athlete 
who may be able to generate in the region of -150cmH2O or more. 
An early example of a study that provides some relevance to this thesis is a paper 
published in 2000 by Inbar et aL that considered specific inspiratory muscle training in 
well-trained endurance athletes with an aim to improve whole body performance. They 
used a combination of the weighted plunger to assess initial inspiratory muscle 
endurance and the Threshold as the implemented IMT device for the duration of the 
training protocol. The performance measure was in terms of aerobic capacity 
(VO2maxand OZ desaturation) and it was reported in the conclusion that no 
improvements were made although inspiratory muscle endurance and strength did 
increase. It should be noted that the rationale for the study was based upon the belief 
that some well-trained athletes are susceptible to exercise-induced arterial hypoxemia as 
a result of hyperventilation. VOZmax is not however expected to change, a more suitable 
method would have been to study the effects of a redistribution of the available oxygen 
or exercise tolerance following specific IMT as per the studies involving hyperpnoea 
training. It also remains an important point that the Threshold device may not be 
suitable for healthy individuals particularly those who may have high endurance capacity 
because greater loads are required to promote overload, fatigue and muscle adaptation. 
Because of these inappropriate devices, subsequent work has been carried out to 
produce devices that are suitable for addition to an athlete's training regime. The first 
efforts made to improve upon the Threshold concept was by Copestake in 1995 and 
the literature following this development offers more relevant data with regards to the 
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current thesis and the successful improvement of whole body performance through 
inspiratory muscle training. 
The major modification to the Threshold device was to design aT configuration unit 
separating the expiratory and inspiratory ports. Similar to the weighted plunger device, 
the valve was at the inspiratory entrance with the load directly above it. Rotating an 
outer sleeve altered the tension in a spring to change the load. Copestake examined the 
device for flow independence in 1995 using a flow range of 10 - 551-min-'. Across this 
range the negative pressure increased by 4cmH20. The pressure range of the device was 
from -9 to -58cmH20. 
Further refinement of this device by McConnell et al. (1998) resulted in the commercial 
Powerbreathe device. The Powerbreathe (developed by IMT Technologies Ltd., now 
available from LSI Ltd., Southam, Warwickshire, UK) shares the same T configuration 
as the device previously mentioned. 
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Figure 1-18. Caine and McConnell's Powerbreathe. 
McConnell et al. (1998) implemented the device in a study involving asthmatics. The 
results showed that the use of a protocol of 30 maximal breaths at 50% maximal 
inspiratory pressure (MIP) improved symptoms. Improvements were seen in maximal 
inspiratory pressure, peak expiratory flow and also a 12.4% reduction in exertional 
dyspnoea. Over a 3-week study subjects reported an increase in the motivation to take 
part in exercise. The Powerbreathe device was also implemented in a group of COPD 
patients (n = 14) using the same technique for a period of 8 weeks (Newell et al., 1998). 
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Again, significant maximal inspiratory pressure improvements were demonstrated 
(66.2±8. OcmH2O pre training vs. 104.2±16.6cmH2O post training for the group 
training at 50 % MIP). 
For a comprehensive discussion of the Powerbreathe device, refer to Caine and 
McConnell (2000). This paper evaluates the Powerbreathe device for use in the context 
of sports performance. The Powerbreathe has a range of pressure load from -5 to - 
150cmH2O with a range of inspiratory flow rates from 0 to -131"s 
1, thus being more 
suitable for an athletic, healthy individual. The device was tested for flow dependency at 
two load settings, -25 and -75cmH2O using low, medium and high flows drawn through 
the device using a 31 syringe. For the two load settings the range of pressures measured 
were between -28.5 and -35cmH20 (-25cmH20 setting) and -83 and -86cmH20 (- 
75cmH20 setting) according to flow rate (the pressure increased as flow increased, 
therefore demonstrating some flow dependency). Some of this discrepancy was 
attributed to an increase in spring compression during the valve opening however it was 
also commented that the greater the absolute force acting on the valve, the shorter the 
distance travelled from its seat per unit increase in flow (Caine and McConnell, 2000). 
A study highlighting the potential application within athletes was provided by Volianitis 
et al. (1999) where the Powerbreathe was used as a warm-up activity for rowers (two sets 
of 30 breaths at 40% MIP). The results of this were compared to the effects of awhole 
body warm-up protocol for the rowers. The study showed that a whole body warm-up 
activity did not have a significant effect on the respiratory muscles. This was seen as no 
increase in maximum inspiratory pressure (MIP). There was however, a significant 
increase in MIP after at least 30 breaths using the Powerbreathe trainer. It was 
concluded that the respiratory muscles are not optimally warmed-up by whole body 
warm-up activities. 
Volianitis et al. (2001) went on to examine the effects of 11 weeks of inspiratory muscle 
training (Powerbreathe) on rowing performance in 14 female competitive rowers. The 
subjects were split into two groups, training (30 x 50% max inspiratory efforts, twice 
daily) and placebo (60 x 15% max inspiratory efforts, once a day) that both completed a 
6min-all-out-effort and a 5000m trial prior to and after the training period. The training 
group significantly (P<0.05) improved inspiratory muscle strength (45.3±29.7% cf. 
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5.3±9.8% in the placebo group), but more interestingly, showed significant 
performance improvements in both the 6min-all-out-effort (increased distance, 
3.5±1.2%) and the 5000m trial (decreased time, 3.1±0.8%), as well as an increased 
resistance to inspiratory muscle fatigue (3.0±1.6% reduction in PI,,,, X cf. 
11.2±4.3% prior 
to the training activity). 
Romer et al. (2002A) studied the effect of IMT upon recovery time post high intensity 
repetitive sprint activity in an attempt to mimic the physiological response seen during 
sports such as soccer and rugby. Subjects completed fifteen 20m sprints with a 
maximum 30s passive recovery between each sprint and encouraged to take as little rest 
as possible between sprints. Total recovery time was recorded before and after a 6-week 
IMT (Powerbreathe) intervention. Recovery time improved (6.2±1.1%, mean ±SEM) 
compared to a placebo group. 
Romer et al (2002B) also elicited a reduction in inspiratory muscle strength following 20 
and 40km cycling time trials (18 and 13% respectively). This was subsequently 
attenuated following a 6-week IMT (Powerbreathe) intervention and improvements in 
20 and 40km time trial performance were also seen (3.8±1.7% and 4.6±1.9% 
respectively). The full details of the time trial performance improvement are published 
separately (Romer et al., 2002C). The demonstrated performance improvements 
occurred in 8 trained male cyclists using the Powerbreathe device following 6 weeks of 
inspiratory muscle training (30 x 50% max inspiratory efforts, twice daily). These 
improvements were demonstrated in simulated cycling time trials (20 and 40Km) as a 
reduction in the completion time (as above, P=0.025 and P=0.009 respectively) as well 
as a reduction in perception of respiratory and peripheral effort. As previously reported 
(Volianitis etal., 2001) a significant increase in respiratory strength (P,,, 
_, 
126±5cmH2O 
cf. 102±6cmH2O prior to training) was also seen. Maximum work rate and "°2max 
remained unchanged following the intervention and no significant changes were 
displayed in a placebo group (60 x 15% max inspiratory efforts, once a day). 
Further devices similar to the Powerbreathe have been made commercially available 
since its development, including that shown in Figure 1-19. The main difference is the 
inclusion of an adjustable load on the expiratory port. 
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Figure 1-19. The Powerlung from their own website 
(www. powerlung. com), a very similar product to the 
Powerbreathe. 
Studies have been carried out to develop a system that eliminates flow dependant 
loading. Bardsley et al. (1992) developed a solenoid device to stop flow from being a 
factor in studies of this kind. They highlighted the fact that devices such as the weighted 
plunger were not truly accurate in that flow occurs at pressures below that of the 
predetermined pressure settings. 
The solenoid device as shown in Figure 1-20 consisted of a wide bore solenoid valve, 
which opened rapidly and completely at the set pressure value. A pressure transducer 
located adjacent to the mouth piece monitored the pressure values and produced the 
necessary signal. This signal was in two forms; one being an alarm reporting that the 
correct pressure had been met, the second was a high pressure alarm signifying the 
beginning of an expiration at which point the solenoid was reset. 
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Figure 1-20. Bardsley et al. 's Solenoid Device (1992). 
This equipment successfully eliminates flow dependence and provides a direct 
relationship between mouth pressure and threshold opening pressure. The comparative 
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correlation coefficients (r) are 0.82 and 1.00 for the weighted plunger (Nickerson and 
Keens, 1982) and the solenoid device respectively. There are some drawbacks of this 
device however in that a subject is not required to maintain a specific mouth pressure 
throughout an inspiration. Therefore the weighted plunger system has a steeper 
pressure-time product, the index of oxygen cost of breathing and external work 
performed by the inspiratory muscles. This has implications for prescription of 
inspiratory muscle training programmes in that the additional work may not be 
sufficient to provide an overload stimulus and is therefore not an effective training 
technology. 
Summary 
Pressure-threshold loading has evolved through many technological refinements. The 
weighted plunger method provides a reliable and quantifiable load irrespective of the 
motivation of the user eliciting improvements in respiratory strength and endurance 
however its configuration requirements limit its ease of use. The spring-loaded valve 
solution presents a dramatic improvement in terms of ease of use and in the case of the 
Powerbreathe and similar, suitability to athletic populations. 
There is evidence that whole body performance improvements are possible in particular 
with the use of the Powerbreathe device whereby increased distances have been 
achieved for fixed duration trials and conversely reduced times have been recorded for 
fixed duration trials. Also, this technology has shown a reduction in recovery time. 
These improvements seem to be in excess of those seen following hyperpnoea trials 
and show that inspiratory muscle improvements may be transferable to a number of 
sporting disciplines including rugby and football for example as well as fixed 
duration/distance events. This is possibly due to the ability to improve both strength 
and endurance of the inspiratory muscles. One study has been highlighted suggesting 
that performance improvements were not seen, however it is believed that this is due to 
inappropriate performance measures. Further discussion of this and other opposing 
views will be done in Chapter 3. 
Pressure-threshold training therefore seems to provide a technical solution to ensuring 
whole body training benefits as per the aim of this thesis however in spite of this it is 
felt that the static maximal inspiration training procedure with a fixed load does not 
provide a functionally relevant stimulus. It was mentioned in the summary of 
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hyperpnoea training that adding strength training might improve the level of 
performance enhancement. This may also be true of pressure-threshold loading 
whereby the conceptualisation of a technology that includes the addition of the 
functionally relevant MW manoeuvre might increase the magnitude of the 
performance improvements. 
1.5.6 Other Flow-Independent IMT devices 
Along the lines of Bardsley et al. 's study (1992) into a pure inspiratory loading device, i. e. 
independent of flow, Chen et al. (1998) completed a study into an alternative method 
involving the generation of negative pressure to act as the resistance to an inspiration. 
The system comprises a flow generator attached via a pressure chamber to an 
inspiratory port. By limiting the circulation of air between the chamber and the external 
environment different levels of negative pressure are generated. The different sizes of 
the apertures provide different levels of resistance to flow and can be selectively 
adjusted, thus establishing the required pressure. The user must overcome this negative 
pressure to open the inspiratory valve. 
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Figure 1-21. Chen et al. 's Negative Pressure Device. 
There is no data contained in the study comparing this equipment with previously 
existing devices. However, the tested range was only between 0 and -4OcmH; O and it is 
not clear as to whether this was the limit to the unit's performance. The reason for the 
interest in this device is that unlike the solenoid device (Bardsley et al., 1992) the 
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negative pressure was present throughout an inspiration, whilst maintaining an 
independence to flow. 
1.5.7 Thorax Restricting Devices 
All previously described technologies have concentrated on the application of a 
resistance to the airflow at the mouth. The main drawbacks of such devices in the 
context of sport specific application are the requirement of a static, seated position to 
be taken during the training protocol, the requirement to produce unnatural dynamic 
breathing profiles and that the introduction of a mouth or nosepiece is likely to have 
both a negative psychological affect on the ability to maintain normal levels of activity 
and also causes additional load upon the neck and jaw muscles. 
An alternative option is to load the inspiratory muscles externally by restricting the 
expansion of the thorax. Several studies have been identified, outlining the potential for 
elastic loading of the thorax as a means of providing a significant training stimulus. 
Vanmeenan et al. (1984) first reported a 10% reduction in maximal performance in the 
presence of strapping of the ribcage suggesting that fatigue can be induced. The 
conclusions however are quite speculative. 
An early more comprehensive example of restrictive methods is presented by Hussain et 
al. (1985), which involves the effect of an inelastic load upon exercise. The system 
incorporated a surgical corset with a pneumatic cuff secured to its inner surface. The 
corset was fitted as tightly as possible and then the cuff was inflated to a pressure of 40 
Torr. Displacements were monitored via a respiratory inductance plethysmograph 
(Respitrace, Ambulatory Monitoring, Ardsley, NY) fitted at the level of the nipples 
(thorax restriction) and umbilicus (abdominal restriction). 
These restrictions were tested on both the thorax and abdomen on a test to exhaustion 
(cycle ergometer at 80% max work rate) and compared to the same test with no 
restrictions present. In the case of the thorax restriction exercise tolerance (TJ was 
reduced to 80%. The authors concluded that diaphragmatic fatigue was probably 
responsible for this reduction in performance during thorax restriction probably due to 
the increased activity demonstrated on EMG measurements (taken from an electrode 
placed at the gastroesophageal junction) in terms of firing frequency and motor unit 
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recruitment. Abdominal restriction caused no changes in exercise tolerance probably 
due to the diaphragm being permitted to partially contract due to the compression of 
the abdominal viscera and the remaining inspiratory muscles being free to work. This 
ability to promote fatigue via compression of the thorax therefore lends itself to 
functioning as a training technology. 
In a second paper Hussain and Pardy (1985) refer to a similar study focussing on 
diaphragm function and exercise performance during restrictions. Subjects exercised to 
exhaustion at a constant workload (80% max workload) in the presence of thoracic and 
abdominal restrictions. The time to exhaustion was significantly reduced with the 
presence of a thoracic restriction (approximately mean change of 6.5 minutes versus 4 
minutes, P<0.05). The authors suggest that diaphragmatic fatigue caused by higher 
inspiratory flow rates and breathing frequency accounted for this. It may also be useful 
to considering the publication by Johnson et al. (1996), which suggested that the 
diaphragm contribution to pressure generation plateaus as exercise time progresses. 
Given the thoracic restriction, the contribution of the intercostal muscles is reduced 
therefore the diaphragm is responsible for all pressure production and hence causes 
reduced exercise to exhaustion times. 
Cline et al. (1999) conducted a similar study to that of Hussain et al. (1985) quantifying 
the applied restrictive load. The device in this case consisted of a fibreglass shell 
supporting two inflatable rubber cushions. The cushions were connected to two 
commercial vacuum cleaners controlled by a rheostat ensuring a constant quantifiable 
load not affected by chest volume. In this study, 10 subjects performed pulmonary 
function tests under 0,20,40 and 60 mmHg loads provided by the device in both 
seated and standing positions. Position did not cause any significant differences in lung 
function, however the application of the load did significantly decrease the obtained 
values (FVC, P<0.0001 and FEVI, P<0.001) for example seated FVC, was reduced 
from approximately 4.751 (OmmHg load) to 4.11 (60mmHg load). 
In a follow up study, Gonzalez et al. (1999) used the same device to examine the oxygen 
cost of chest wall restrictions. Ten subjects were tested under loading of 0,25,50 and 
70mmHg at ventilations of 30,60 and 901"miri 1 while maintaining a constant tidal 
volume in the seated position. Both of these factors significantly increased oxygen 
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uptake however there was no significant interaction. It was observed that as chest wall 
loading increased, the relative oxygen cost also increased. For 601-min' at OmmHg load 
the cost of breathing was identified as 2.5m1"l-' and with the same ventilation at 
75mmHg load this rose to 3.4m1.1-1, a 36% increase. The study provides substantiated 
evidence of the increased oxygen cost of breathing under load whilst maintaining a 
constant breathing pattern. 
In the publications above, inspiratory muscle fatigue and reduction in exercise 
performance are regularly reported. It is therefore likely that these methods of 
developing fatigue could also be used to train the muscles of the thorax thus attenuating 
the reduction in and possibly improving performance as per previously discussed 
technologies (VIH and pressure-threshold). 
To this end, a variation of thoracic restriction has been implemented in a study aimed at 
improving aerobic endurance although the reference provides limited information. This 
was by Furian et al. (1998) who used 7cm wide latex bands to provide a load around the 
thorax. Twelve `fitness-orientated' subjects completed maximal inspirations for 30 
minutes, 5 times a week over a 5-week period. The data reports significant results with 
an improvement in the endurance of the respiratory muscles quantified as an 
improvement in MVV (1751 vs. 1821, P<0.05), an increase in the working time at the 
anaerobic threshold (22±9.3 vs. 30.0±9.7min, P<0.05) and lactate reduction of 16.6%. 
The authors suggest that this could be a simple and cost-saving method of improving 
endurance capacity at the anaerobic threshold. 
Whilst this evidence may indicate a possibility for receiving training benefits through 
restrictive loading of the thorax it is also important to consider the potential to affect 
normal breathing pattern. If a further development of these methods as a training 
technology were to be considered, normal spontaneous breathing should be permitted. 
To highlight these concerns, reference should be made to a study completed by 
DiMarco et aL (1981) in which analysis of the effects on breathing was completed under 
selective restriction of the rib cage and abdomen. It was reported restriction of the 
ribcage (inhibit intercostal contribution to breathing) or abdomen (inhibit diaphragmatic 
contribution to breathing) decreased tidal volume of the restricted part of the thorax 
with a compensatory increased expansion in the unhindered portion. This suggests that 
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altered muscle recruitment is caused by the restriction (as per the findings of Hussain et 
al., 1985). It is believed however, that the main implication of this is that a thoracic 
restricting device is likely to increase compensatory work on the part of the diaphragm. 
This may be beneficial to inspiratory and whole body performance. 
The above may indeed be a desirable characteristic however it remains that thoracic 
restriction is likely to change normal spontaneous breathing patterns. Nishino et al. 
(1992) provides further data, to aid the consideration of the potential limitations of 
thoracic restriction as a training device. Under chest compression loads of 25,50 and 
100mmHg loads tidal volume was reduced by 128±13,275±16 and 480±25m1 
respectively. At a given level of minute ventilation, breathing frequency is reported to 
have increased to accommodate the reduction in tidal volume although specific values 
are not reported. 
Summary 
There are documented drawbacks (DiMarco et al., 1981 and Nishino et al., 1992) 
associated with this type of loading considering the altered muscle recruitment and 
potential negative effect on breathing pattern with a reduction in tidal volume and 
increase in breathing frequency, however the potential benefits of performance 
improvement may warrant the development of such technologies. It seems that no 
attempts have been made to build upon the findings of Furian et al. (1998) whilst their 
albeit preliminary results suggest that thoracic restricting technologies as sport specific 
training devices might have benefits within such applications. 
The key technical challenge associated with thoracic restricting technology would seem 
to be overcoming the changes to breathing pattern. This may not however be necessary 
considering the fact that pressure-threshold training achieves performance 
enhancement with the use of maximal inspirations that are also not related to an 
individual's breathing pattern. 
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1.6 Principles of training 
1.6.1 The basic principles of training 
There are three basic cornerstones of training theory that must be considered in 
muscular training activities, which are also applicable to the muscles of the respiratory 
system. These are overload, specificity and reversibility (Faulkner, 1979). 
Overload suggests that the targeted muscle fibres must be exposed to an 
additional load in order to bring about a change in their structure thereby 
improving their function. 
" Specificity suggests that the type of the change in muscle structure and function 
is determined by the characteristics of the applied stimulus. 
" Reversibility suggests that the change in muscle function caused by overload will 
decline once training is stopped. 
The principle of specificity suggests that if strength gains are sought then low frequency, 
high intensity stimuli should be applied. Conversely, if endurance improvements are 
required then muscles should be subjected to a high frequency, low intensity stimulus. It 
is the assertion of this author that the principle of specificity has not been fully 
interpreted with regards to prescribing loading profiles for existing IMT technologies. 
This is discussed further in a following subsection, 1.6.2. 
Another well-documented relationship concerning muscle action is the hyperbolic 
curve, which describes the dependence of force on velocity of movement (Hill, 1953). 
This curve implies that velocity of muscle contraction is inversely proportional to the 
load, whereby a large force cannot be exerted in very rapid movements, and the greatest 
velocities are attained under conditions of low loading. Intermediate values of force and 
velocity depend on the maximal isometric force. The combination of these parameters 
is power (the product of force and velocity). Figure 1-22 describes these relationships, 
which are applicable to the respiratory muscles. 
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Figure 1-22. Schematic of the force-velocity 
relationship of a typical muscle (modified from Hill, 
1953). 
1.6.2 Specificity of adaptation 
The inspiratory muscles adapt to an applied stimulus whereby the outcome measures 
depend upon the type of training undertaken (Tzelepis et aL, 1994). For example, in 
their group undertaking inspiratory strength manoeuvres significant improvements were 
seen only in their ability to generate high inspiratory pressures (37%). In a group 
undertaking low resistance high flow manoeuvres; significance was seen only in their 
ability to generate inspiratory flow (17%). A third group completing a protocol 
involving moderate flow and strength training, produced an increased ability to generate 
both pressure and flow but to a slightly lesser extent (19 and 14% respectively), 
compared to the isolated manoeuvres. Which of these however, provide the greatest 
ergogenic improvements? 
These data are reinforced by a more recent similar study by Romer et ah (2003). The 
training stimuli were employed over a 9-week period (low flow-high pressure, high 
flow-low pressure, intermediate flow/pressure and no IMT) and the results confirm the 
specificity of response to the given protocol. The high pressure group achieved the 
greatest pressure improvements; the high flow group had the greatest flow 
improvements, the intermediate group showed uniform improvements across both 
measurements and the fourth group showed no changes. 
The study was also extended beyond the 9 -week intervention to follow the effects of 
detraining. Subjects were put into one of two groups requiring either completing 
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maintenance IMT (2 days per week cf. 6 days per week) or with no IMT. As with other 
skeletal muscle detraining as per the non-maintenance group showed a reduction in 
inspiratory muscle function after a further 9-weeks. The maintenance group retained the 
post intervention inspiratory muscle function. 
During most forms of sustained exercise the individual is required to achieve high flow 
rates against modest resistances for prolonged periods (Spengler and Boutellier, 2000). 
There is of course variation depending on the intensity of exercise and the resulting 
ventilation characteristics but it is apparent that demands are placed upon both the 
strength and endurance capacity of the respiratory muscles. The most effective 
intervention is therefore likely to be one where improvements elicited closely mimic the 
demands of the task being evaluated (Caine 1999) thus suggesting that a combination of 
strength and flow training would be most appropriate. In light of this it is probable that 
ambulatory IMT devices (i. e. used during exercise) are likely to be more beneficial in a 
sports context than those used statically (i. e. at rest). Static methods do not allow the 
user to sustain increasing minute ventilation as per the demands of exercise. It is also 
difficult to train statically for prolonged periods. 
Similar issues exist when considering the force-velocity relationship. Strength (low 
velocity / high force) and endurance (high velocity (frequency) / low force) are both 
important measures of performance. However, spontaneous inspiration during exercise, 
particularly at high intensities, requires generation of dynamic as opposed to static force 
(Caine 1999) and again in light of the work of Tzelepis et aL (1994) an emphasis on 
power may also be desirable. 
1.6.3 Load specificity 
The consideration of load specificity may also be important. If ambulatory trainingwere 
to be applied, any load should permit equivalent breathing patterns to remain so as not 
to disrupt the training activity. 
In dynamic resistance training of skeletal muscle there exists an issue associated with 
fixed load weights (free weights) in that throughout the muscle's range of motion the 
ability to generate force varies. This is due to the changing mechanical advantages 
achieved at different joint angles whereby the leverage, i. e. turning moment, varies. For 
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example, during an arm curl strength is maximised at an angle of 100°. At 180° or 60° 
however, the ability to generate force is reduced to 71% and 67% respectively (Wilmore 
and Costill 1994). 
Most forms of non-respiratory resistance training utilise cams to vary the load applied 
to the target muscle in accordance with the specific length tension characteristics of the 
muscle being trained. The inspiratory muscles are also susceptible to this phenomenon 
(the exact relationship of the varying capabilities will be approached in the next section, 
1.7) and in order to exploit the power component of the force velocity curve, a training 
technology should permit dynamic loading (i. e. representative of dynamically changing 
force production) throughout an inspiration so that loading represents peak power 
generation at a constant percentage throughout the range of movement (lung volume). 
The inception of a variable load IMT device would provide the option of 
accommodating the force generating capabilities of the inspiratory muscles at different 
lung volumes. The identification of this suitable loading profile will also be useful in 
aiding the assessment of existing technologies. 
1.7 Respiratory Muscle Measurements 
1.7.1 Introduction 
For an individual muscle e. g. tricep, there is a relationship between the force or tension 
produced and the length of the muscle, the length-tension relationship. This 
relationship can be described whereby peak isometric tension is achieved at 
approximately 20% (1.2: 1) above the equilibrium muscle length (Astrand and Rodahl, 
1986). For a group of muscles and a given skeletal architecture e. g. the respiratory 
muscles and ribcage, this relationship changes due to anatomic limitation of the joints 
and the fact that the skeletal muscles exert their effect on external resistance via levers 
(Astrand and Rodahl, 1986). This section is therefore a discussion of the peak tension 
(pressure) and the relative lengths (lung volume) at which this occurs for the respiratory 
system. 
The most popular method for prescribing inspiratory muscle training intensities or 
assessing the presence of fatigue is via measurement of inspiratory muscle pressure at 
the mouth. This generally consists of a single measure at RV, the point that the 
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maximum inspiratory pressure (MIP) can be generated. This is due to the optimised 
mechanical advantage of the inspiratory muscles at RV. This single measure may not, 
however, be appropriate for the prescription of a dynamic loading device as the 
changing mechanical advantage and pressure-volume characteristics throughout an 
inspiration will be important. It may therefore prove more relevant to consider the 
maximal pressure generated across a range of lung volumes. 
It is known that if an individual were encouraged to perform an inspiration against a 
closed airway at a range of volumes starting from RV to the end of a full inspiration 
(TLC) a decaying profile would be noticed (Figure 1-23 is a useful example). 
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Figure 1-23. Simplification of the maximal pressure 
volume plot published by Ratnovsky et al., 1999, 
discussed in following sections. 
Initiation of an inspiration is represented on the graph at 0% VC, however, RV is often 
used also. It is at this point where most inspiratory force can be generated. The 
remainder of the graph represents the force generating capabilities as the lungs fill with 
air until the point where the lungs are full. The way in which the force is quantified at 
different lung volumes is defined as the maximum pressure developed at a specific 
volume. This profile is therefore known as the maximum pressure-volume curve. There 
are a number of investigators that have produced this curve using different methods 
(Rahn et al., 1946, Cook et al., 1964, Ringqvist 1966 and Ratnovsky et al., 1999). 
The aim of this section is therefore to review the previous methods of taking maximum 
inspiratory pressure both as a single measure or across a full inspiration to aid the 
understanding of the pressure-volume relationships, and to analyse the specific 
equipment involved. 
50 
oL 0 20 40 60 80 100 
1.7.2 Study Evolution 
The first example found that pays attention to pressure-volume characteristics in 
normal healthy males is in a paper by Rahn et al. (1946). The measures taken included 
relaxation pressures at different lung volumes, the effect on volume of different lung 
pressures and maximal expiratory and inspiratory pressures at different lung volumes. 
Most pertinent to the current document is this final set of data. The method used in this 
case was a mercury manometer connected to one of the nostrils to remove all possibility 
of using the cheeks to generate pressure. All measurements were taken at a fixed body 
position as it was commented that bending over provided additional mechanical 
pressure against the thoracic cage during expiratory manoeuvres. Each subject was 
encouraged to reach a specific lung volume then perform maximal effort against the 
manometer. The lung volumes recorded in the inspiratory manoeuvre were 3.9,21.7, 
34.8,55.6,75.7 and 91.0% after correction for residual volume (RV). These were taken 
using an unspecified spirometer. 
Using this information the following profile was generated showing a gradual decay in 
the force generating capabilities of the inspiratory muscles. 
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Figure 1-24. The three bold lines represent (from left 
to right) the MIP (Pi), the relaxation pressure (Pr) and 
the maximal expiratory pressures (Pe). Pm is net 
effect of the active muscle contraction. The image is 
taken from Rahn et al. (1946). 
Of the 31 subjects tested, the data most pertinent to the current project is that produced 
by the 11 adult males. The reason for this is that any future studies will probably 
incorporate similar individuals. This data can therefore be used to compare any future 
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results. The range of MIP for these subjects is 116.9±19.5cmH2O at 3.9% VC down to 
32.1±12.9cmH2O at 91% VC. 
Another reference to static pressure-volume characteristics of the respiratory system is 
by Cook et al. (1964). The authors comment that although the pressure-volume diagram 
is of fundamental importance it has been approached only a few times as per the 
previous references. The purpose of this study was therefore to provide a wider range 
of values from both children and adults. The testing of an alternative means of taking 
the spirometric measurements was investigated. 
The standard method of measuring respiratory pressures consisted of a section of 
flexible hose large enough to cover the mouth and provide a seal. In order to minimise 
the use of the cheek muscles in the development of pressure a small hole (internal 
diameter 1.25mm) at the gauge interface was used as a leak. It was decided that this 
mouthpiece was superior due to the ability to easily eliminate unwanted air-leaks. 
Figure 1-25. Obstruction Technique using the tube 
mouthpiece (Cook et al., 1964) 
As well as using this obstruction technique (Figure 1-25) a novel method was also 
applied involving what is referred to as the compression technique. This method 
required various combinations of airtight containers connected to the pressure 
manometer and a spirometer. The containers varied in volume from 1.5 to 200 litres. 
Different combinations were selected for each user to elicit elastic, `give' at different 
lung volumes during maximal inspiratory efforts. The subject inspired forcibly against 
these various adjusted combinations of the containers starting from RV allowing 
calculation of the specific lung volume at which peak pressure occurred. Different 
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combinations as shown in Figure 1-26 created a profile of peak pressures at a range of 
lung volumes (Figure 1-27). 
Figure 1-26 , -nIj)t( i, m I(, Ilni, jm in-ol-i. iUng 
different sized containers (Cook et al., 1964) 
A total of 56 subjects were used in this study of which 17 provided the greatest values. 
The group involved were again adult males between the ages of 18 and 47 yrs. The 
range of values published were between 133±39cmH20 at RV and 38±14cmH2O at 
90% TLC. The generated profile followed a similar shape to that previously reported. 
There are slight variations but they are to be expected as a different method to generate 
the values was used. 
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Figure 1-27. Pressure-volume relationship of the 
inspiratory cycle produced using the compression 
technique (Cook et al., 1964). 
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In 1988, more detailed attempts were made by Koulouris et al. to compare mouthpieces. 
Using both a flanged mouthpiece (P. K. Morgan) and a simple rubber tube based on the 
development by Cook et al. (1964) a study was conducted, recording maximum 
respiratory pressures of 61 subjects, 21 of which were healthy. It was again found that 
the tube mouthpiece allowed generation of significantly higher respiratory pressures 
(P<0.005 for the healthy individuals). The results are not graphically communicated; 
however in a group of 11 males, age 23 - 44yrs, for example, mean maximum 
inspiratory pressure (MIP) for the flanged mouthpiece was 12.0±3.1kPa 
(122.4±3.1cmH2O) compared to 13.1±4.4kPa (133.6±4.4cmH2O) for the tube. The 
authors concluded that the success of the mouthpiece is largely due to the relative 
increase in comfort and the muscle coordination required. They also commented 
however, that the flanged mouthpiece was more universally applicable with regards to 
including data from those falling outside the healthy range, although values obtained are 
lower. 
A comprehensive publication by Ringqvist (1966) has been frequently referenced in 
subsequent papers as the first large series of data incorporating healthy males and 
females between the ages of 18 and 83yrs. A total of 200 volunteers carried out a 
selection of anatomical and clinical tests with 33 males in the 18 - 29yr group. The aim 
of the paper was to consolidate studies by Rahn et al. (1946), Cook et al. (1960), etc. by 
developing mathematical functions for maximal respiratory pressures as functions of 
respiratory levels (lung volumes). With regards to specific inspiratory measurements, 
this group generated a mean MIP of 113±24cmH2O, which is not hugely different from 
previously reported values. The function derived to calculate inspiratory mouth pressure 
(y) at specific lung volumes (x, %TLC) for males is: 
y=1. lx-0.016x2 +69 
The method used to define the respiratory level or lung volume at which pressure 
measurements were made was via a spirometer connected to a 2mm leak in the 
mouthpiece displaying real time pressure-volume graphs on kymograph paper. Subjects 
completed 20-30 repeated measurements in order to generate the full range of data. 
During each test, subjects completed a full expiration before each MIP measurement 
(or inspiration for MEP), and inspired varying amounts of air under the direction of a 
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supervisor. The volume change through the leak was recorded and the point of the 
volume graph simultaneous with the peak pressure curve was then identified. The 
difference in volume between this point and the point of full inflation or deflation could 
then be calculated and subtracted from TLC or added to RV, which were measured 
using a helium dilution method prior to the commencement of the test. 
Figure 1-28. Mean maximal pressure/volume curves 
for male, female and aggregated data taken from 
Ringgvist, 1966. The left hand plot shows expiratory 
pressures and the right hand plot shows inspiratory 
pressure 
An example that has been referenced in modem papers on numerous occasions is the 
work carried out by Black and Hyatt (1969). The emphasis of this study was to generate 
data on the maximal inspiratory pressures (MIP) of a wide range of individuals using a 
simplified measurement device (Figure 1-29). The methods and specific variables 
generated are still accepted as reliable measures of patient respiratory capabilities or to 
compare physiological changes after inspiratory muscle training (IMI). 
The equipment incorporated a cylinder attached via a three-way stopcock to both 
expiratory and inspiratory pressure gauges. The mouthpiece consisted of a piece of 
circular rubber (internal diameter 32mm) similar to that developed by Cook et al. (1964) 
however at the distal end of the cylinder, a leak of 2mm was used. 
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Figure 1-29. Black and Hyatfs (1969) device for 
measuring MIP 
Although this study only looked at pressures achieved at RV and TLC the data can be 
compared to the earlier papers. 120 subjects participated in the study and results are 
available for a group similar to those previously mentioned. In the age range, 20 - 54yr, 
the data available for 25 male subjects is a mean MIP of 124±44cmH2O. 
With reference to Black and Hyatt's (1969) work, Leech et ad, (1983) conducted a study 
with a much larger group of 924 healthy Caucasian volunteers. The objective was to 
"clarify the contribution of respiratory muscularity to lung functions relative to that of 
the other determinants in early adulthood" (Leech et aL, 1983). 
The chosen method for measuring respiratory muscularity was as in previous papers 
and required measurement of the maximal pressures developed by the respiratory 
system. Unlike the equipment already mentioned, more modern technology was applied 
in the form of a Validyne differential pressure transducer (Validyne Co. Northridge, 
CA). This provided an electrical signal in proportion to the displacement of a small 
diaphragm. Measurements were made via a 20-gauge needle immediately distal to a 
flanged mouthpiece. No leak was reported to be present. Measurements were taken at 
RV and each subject was coached over three stages of testing to ensure a maximal 
value. 
The associated values for MIP were taken from 54 out of a group of 924 subjects. The 
mean value produced was 121±32cmH20 in an age range of 21 - 25yrs. It is anticipated 
that this value could be a useful predictor given the expected similarity to the current 
study (i. e. healthy adult males). 
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In 1984, Wilson et al. again repeated the methods used by Black and Hyatt (1969) within 
a group consisting of 370 Caucasian adults and children. It is commented that there is 
limited data for MIP in children particularly. Their study was therefore aimed at 
providing this data so that those suffering with neuromuscular disease at all ages had 
available reference values. 
They successfully showed significant correlations between MIP and age (adult males), 
height (females) and weight (boys and girls). They reported that values generated for all 
ages however, did not correspond with those previously published, however if the 
targeted group is isolated there are close similarities in the values obtained. In the adult 
male (age 18 - 50yrs) group the mean value obtained for MIP was 106±31cmH2O. This 
is predictably slightly lower than the previous study, in which there are many similarities, 
due to the age range in this case being wider. 
Chen and Kuo (1989) looked at correlation between respiratory functions as in the 
Wilson et al, (1984) paper although no reference was made. The equipment used by 
Chen and Kuo for the measurement of inspiratory and expiratory strength was a 
differential pressure transducer (Validyne) as used by Leech et al. (1983). They also took 
other values for inspiratory muscle endurance, FVC and FEVI. The main emphasis for 
their study stemmed from the fact that data developed by Black and Hyatt (1969) did 
not isolate individuals' lifestyle habits for example the level of physical activity or 
smoking. As with Wilson et al., (1984) and Black and Hyatt, (1969), MIP at RV is 
available, however, measurements at functional residual capacity (FRC) are also 
reported. The data produced does not however, show a great deviation from previous 
studies with a mean MIP at RV of 123.4±5.5cmH2O and 108.9±5.4cmH2O at FRC. 
These particular results are from a group of adult males age 23 - 44yrs. 
In an attempt to further improve upon the data reported by Black and Hyatt (1969), 
McElvaney et al. (1989) completed a study with the objective of generating regression 
equations for maximal respiratory pressures developed by the normal elderly (over 
55yr). The findings in this case therefore, do not fall into the context of the current 
project, although the group of males aged 60 - 69 yrs did produce MIP values of 
113±31cmH2O. The equipment used is consistent with previous studies with the use of 
a validyne pressure transducer and a tube mouthpiece. The leak, on the other hand, is 
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the smallest of all the papers considered, at 0.6mm, which may be responsible for 
producing unexpectedly high values. 
Bruschi et al completed another large study in 1992, in an attempt to remove some of 
the obscurity of results from the previous papers. A sample population from a whole 
town was taken and MIP and MEP measurements were recorded. 
In the targeted group there are results available for 290 males between the ages of 18 
and 70yrs. This is quite a large spread but the data reflects this with the high standard 
deviation observed. The value of mean MIP at RV is 119±36.51cmH2O and 
118±37.19cmH2O at FRC. The methods are again consistent with previous studies, 
using in this case a Honeywell pressure transducer and a tube mouthpiece with a 19- 
gauge needle providing a leak. 
An interesting study published in 1990 by Cordain et al. again considers MIP at RV as 
per Black and Hyatt's (1969) guidelines however the subjects chosen in this case, were 
selected to show any differences in swimmers, runners and non-athletes. This provides 
more relevant information regarding the current project and values obtained by trained 
individuals and are thus examined in detail. 
They reported upon the observed increase of VC and TLC elicited by swimmers and 
scuba divers after periods of training compared to no change in land based athletes. 
They hypothesised that respiratory muscle strength amongst other factors was the main 
cause of such differences. It is likely, however, that genetic differences are responsible 
for these differences. The method used in this example to measure MIP was a digital 
manometer (Validyne) connected to a personal computer pre-programmed with a peak- 
detecting algorithm. No leak is described. Each subject repeated measurements at 1min 
intervals until no further increases were seen. The highest value was then taken forward 
for correlation. 
The authors found no real difference between all groups regarding MIP, although the 
runners did demonstrate a significantly larger value for maximal expiratory pressure 
(MEP). The compared values for MIP are 110±10cmH2O (Swimmers), 115±8cmH2O 
(Swimmer controls), 115±8cmH2O (Runners), and 105±7cmH2O (Runner controls). 
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One explanation that is given for 15-20% higher values for VC and TLC in swimmers 
compared to those expected is that they started training at a significantly younger age. 
The authors commented that there might be a critical `window' for growth and 
proliferation of alveoli. It can also be argued that a genetic predisposition is responsible 
and that athletes with high VC and TLC are more suited to swimming. 
Reference to an alternative method for measuring respiratory muscle pressure 
development appears in the paper by Wanke et aL (1990). The aim of the study was to 
assess the dependence of maximal sniff pressure and transdiaphragmatic pressure on 
lung volume. These procedures include the use of balloon catheters placed into the 
oesophagus and stomach. The relative compression of the catheter contents provides a 
value of either transdiaphragmatic or sniff generated mouth pressure depending on its 
position. 
The reason for a test of this nature as an alternative to the more traditional methods is 
mainly due to the inability of some groups of individuals including those with 
neuromuscular disease to use mouthpieces. Although this technique is not expected to 
appear in future studies in this project, Wanke et al. (1990) have recorded values at 
different volumes producing a pressure-volume profile. 
The pressures developed at the mouth during a sniff at different lung volumes for the 6 
subjects (3 male/3 Female) are 74.5±8.2cmH2O at RV, 65.2±7.9cmH2O at FRC, 
60.2±7.6cmH2O at 68% TLC, 49.7±7.2cmH2O at 85% TLC and 38.3±6.9cmH2O at 
95% TLC. The ages of the subjects are between 24 and 30yrs, a comparable range 
although the values have not been grouped depending on sex. It is apparent that this 
technique may be responsible for the lower values compared with previous tests. This 
could be due to the elimination of the possible use of any of the cheek muscles during 
the procedure but more likely because of the force-velocity relationship of sniff 
manoeuvre compared to the previously reported MIP manoeuvre. A sniff manoeuvre is 
comparatively more dynamic and therefore the force (pressure) magnitude is lower. 
Recent studies have had varying emphases; Copestake (1995) studied the static 
respiratory pressures developed by the elderly; Carpenter et aL (1999) conducted a huge 
study of 13,005 participants and; Ratnovsky et al. (1999) who readdressed the pressure- 
volume diagram. 
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The data generated by Copestake (1995) covers an age range similar to that covered by 
McElvaney et al (1989) although there are differences in the data. It is commented by 
Copestake that the data reported by McElvaney et al. (1989) did not show a decrease in 
muscle strength with increasing age, unlike data produced by Black and Hyatt (1969) 
and Wilson et al. (1984). The purpose of Copestake's study was to verify that there is a 
decline in respiratory muscle strength with increasing age. This was done successfully 
and discrepancies in the data were explained such as the use of analogue pressure 
gauges and narrow age ranges targeted in previous papers. 
Although these details are not necessarily relevant to the current study, the results and 
comments from the authors reiterate the importance of selecting a narrow age range so 
as to minimise the spread of data. 
Of the many individuals studied by Carpenter et al. (1999), the group with the largest 
reported value for mean MIP of 110±26.1cmH2O. This was obtained from a group of 
1795 ethnically similar males between the age of 47 and 68yrs. This value was produced 
using an electronic aneroid gauge and tube mouthpiece with a 1mm leak. 
Ratnovsky et al. (1999) reported comparatively lower values for MIP at RV and FRC of 
89±16cmH2O and 73±14cmH2O. From previous reading these values would be 
expected to be higher for a group in the age range of 32 - 45yrs. The fact that the group 
consisted of only six subjects (4 males, 2 females), however, may be an important factor. 
This study does provide a source of useful information giving a pressure-volume profile 
as well an interesting method for generating the data. The method implemented to 
obtain MIP at different lung volumes is shown on Figure 1-30. It employs a similar 
principle to that of Bardsley etal (1992) whereby a computer controlled solenoid is used 
to provide the occlusion. Its repeatability and sophistication may prove useful in future 
developments. 
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Figure 1-30. Schematic representation of equipment 
used to generate pressure-volume curve taken from 
Ratnovsky et al. (1999). 
The pressure-volume curve generated by Ratnovsky et al (1999) (Figure 1-31), describes 
a similar decaying plot to those produced in previously reported studies (Rahn et al. 
1946, Cook et al. 1964 and Ringqvist, 1966) however the mean peak inspiratory mouth 
pressure is comparatively low (approximately 100cmHZO). The rate of decay of the 
inspiratory pressure is similar to that displayed by Rahn et al. (1946) and it is assumed 
that a similar change in rate will occur past 90% VC. 
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Figure 1-31. A graphical representation of peak 
inspiratory and expiratory mouth pressures for all 
subjects using two alternative mouthpieces. The left 
hand side of each image represents the inspiratory 
pressure. Taken from Ratnovsky et al. (1999). 
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Table 1-1 summarises the previously discussed references. The Wanke etaL (1990) study 
has been omitted, as it is not suitable for direct comparison due to sniff manoeuvres 
being completed rather than maximal efforts. 
Study 
MIP 
(mean±SD 
cmH2O 
Subjects 
(Male - M, 
Female - Age (yrs) 
Rahn et al (1946) 117±20 11M Adult 
Cook et al 1964 133±39 17M 18-47 
Ringqvist (1966) 146±26 37 M 18 - 29 
Black and Hyatt (1969) 124±44 25 M 20 - 54 
Leech et al (1983) 121'32 54 M 21 - 25 
Wilson et al (1984) 106±31 48 M 18 - 50+ 
Koulouris et al (1988) 134±4 11 M 23 - 44 
Chen and Kuo (1989) 123±6 20 M 16 - 30 
Mclevaney et al (1989) 107±24 
113±31 
21 M 55 - 59 
60 - 69 
Cordain et al (1990) 110±10 
115±8 
115±8 
105±7 
11 F Swim 
10 F 
11 F Run 
10 F 
19.0±0.6 
18.9±0.3 
19.9±1.5 
19.6±0.8 
Bruschi et a1 (1992) 120±37 290 M 18 - 70 
Copestake (1999) 97±26 17 M 59 - 84 
Carpenter et al (1999) 110±26 1795 M 47 - 68 
Ratnovsky et al 1999 89±16 6 M/ F 32 - 45 
Table 1-1. Maximum inspiratory pressures (measured 
at RV) and age ranges from selected references. 
Table 1-1 shows that there is a wide range in the magnitude of MIP. It would seem that 
subject populations involving wide age ranges results in lower values (e. g. Wilson et al. 
1984,106±31cmH2O) whereas focussed studies such as Ringgvist (1966) produces 
higher MIP values (146±26cmH2O). It would also seem that studies involving subjects 
over the age of 50yrs also produce comparatively lower results (there remains however, 
a great deal of variation in the data). The main conclusion to be taken from the data is 
that any future technologies should cater to a wide range of capabilities exceeding the 
range of data shown. 
With regards to the length-tension (pressure-volume) relationships that can be extracted 
from several of the studies it is the aim that where possible the pressure-volume plots 
will be recreated to provide equations as per Ringqvist's study (1966) so that predicted 
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plots can be produced for future study groups. This will permit comparison between 
established maximal pressure-volume relationships and any future developments. 
(See section 4.3.2.3 for the implementation of this concept). 
1.7.3 Applied Technology 
As well as alternative techniques for assessing respiratory muscle strength, there have 
also been advances in the measurement devices used. Hamnegard etaL (1994) described 
a portable, electronic means of MIP and MEP measurement. Their device (Precision 
Medical, UK) comprised a removable, flanged mouthpiece attached to a rectangular 
shaped unit (Figure 1-32). At the mouthpiece a slider allows the user to switch between 
an inspiratory or expiratory manoeuvre in the form of two opposing one-way valves 
with small leaks. Along the main body of the unit a digital display provides averaged (1s) 
and peak expiratory/inspiratory data. 
The authors compare the new device to a large, complex laboratory set-up in the hope 
that it will provide the means of clinical and bedside measurement without the need for 
cumbersome laboratory equipment. It is successfully concluded that the mouth pressure 
meter reliably and accurately measures peak and maximal pressures for both inspiratory 
and expiratory efforts. 
As well as the techniques for measuring the pressures generated, there have also been 
advances with respect to the development of these pressures. A respiratory muscle 
strength measurement review paper by Polkey et al. (1995) defines the use of electrical 
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Figure 1-32. Hamnegard hand-held mouth pressure 
measurement device 
and magnetic stimulation of the involved muscle group in order to produce an 
involuntary inspiratory manoeuvre. Electrical stimulation of the nerves supplying the 
diaphragm provides a measure of twitch pressure developed by the diaphragm. This 
procedure requires precise electrode placement and repeated stimulations are necessary 
which may be painful to the individual. The main benefit of this technique is the 
elimination of patient motivation in respiratory measurements. However, the reported 
reproducibility is poor (Polkey etaL, 1995) and therefore this technique is only useful in 
the diagnosis of severe muscle weakness. 
It is reported that many of the mentioned drawbacks associated with electrical 
stimulation have been overcome with the use of magnetic stimulation. In this process a 
magnetic coil is discharged over the cervical or clavicular phrenic nerve roots. The pulse 
causes non-volitional contraction of the diaphragm. Unlike electrical methods, magnetic 
stimulation is painless and it is probable that this procedure will replace electrical 
stimulation. 
Both of these methods however are inappropriate to the current study primarily 
because they only activate the diaphragm. It is clear that these techniques are useful for 
evaluating the changed ability to maximally activate the inspiratory muscles and 
removing the voluntary component or for those that cannot develop pressures 
voluntarily, however the ability for an individual to produce their own pressure profile is 
vital in the use of training technology to generate performance improvements. It is felt 
that coaching of techniques and careful supervision can eliminate discrepancies in the 
produced data. 
1.7.4 How Many Manoeuvres? 
It is clear that many variations are present in the data generated using supposed similar 
techniques. For this reason theories have been devised as to why such variations might 
be occurring. Larson et al., (1993) have considered the learning effect and subsequent 
test-retest reliability. Their study suggests that a single session of MIP measurement is 
an insufficient reflection of the true capabilities of an individual. In this case a 4-week 
trial is implemented in 91 COPD patients to allow for distinction between day-to-day 
fluctuations in performance and the learning effect. The period of time used, showed a 
plateau of values from the third to the fourth test. The important note to be drawn 
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from this is therefore the importance of providing comprehensive familiarisation with 
the equipment and procedure. 
Similarly, Wen et al. (1997) conducted a study with the objective of determining 
"whether performing more MIP manoeuvres per test provides a more accurate 
assessment of the true maximal inspiratory strength. " Two methods were applied to 178 
subjects who each carried out 20 manoeuvres; (1) `short MIP' where the average of the 
first three highest values with <5% variability was taken (further manoeuvres were 
ignored) and (2), `long MIP' which used the average of the three highest values with 
<5% variability over the 20 manoeuvres. 
The result was that the `long MIP' data had a greater reported significance and in 48% 
of the tests the `short MIP' method underestimated the peak values as generated over 
the `long MIP' test. It can therefore be concluded that a clear learning effect is present 
and repeating the test will provide more valid data. 
Volianitis et al (2001) carried out a critical assessment of the long and short methods for 
generating MIP data. It was hypothesised that the learning affect associated with 
repeated manoeuvres may be abated with a period of specific warm-up prior to 
commencement of the tests. Subjects completed 18 manoeuvres comprising 6 sets of 3. 
The better of the first three was considered to be baseline. The best of 7th to 9`h 
measurement was categorised as the short value and the long value was the best of the 
last three manoeuvres. This procedure was carried out on another occasion but 
preceding the test a period of specific warm-up was undertaken in the form of 60 
completed breaths against a threshold load (40% MIP, Powerbreathe device). 
The results of the control show a statistically significant increase in MIP values between 
baseline and the long series. This significance however does not appear in the same 
procedure following warm-up. The authors therefore conclude that this warm-up may 
attenuate the learning affect presumed responsible for the variability in many data sets 
consisting MIP data. The warm-up in this case provided the means of obtaining reliable 
peak values in just the first three manoeuvres. 
It is therefore clear that steps should be taken to eliminate the variability, either in the 
form of many repeated manoeuvres (at least 18) or by providing sufficient warm-up. 
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1.7.5 New Developments Required 
The current project aims to investigate the inspiratory muscles during exercise and it is 
therefore important to understand the limitations of existing measurements. As 
mentioned, the assessment of inspiratory muscle performance is currently related to 
static maximal values that are rarely achieved during exercise. An approximation of the 
maximum force generating capabilities of the muscles during a static inspiration is 
therefore known, however this may vary during exercise. 
It is the author's belief that inspiratory muscle training should be specific to the lung 
volumes attained during exercise thus exploiting their length-tension relationship. This 
is based upon the possibility that a high level of specificity in load application and 
geometry may prove beneficial. It is assumed that the resulting profile represents a 
portion of the maximal pressure-volume curve depending on different intensities of 
exercise however the drive to generate pressure during exercise may result in a slightly 
different loading profile. The information available in such a profile would provide 
essential proof of principles regarding a new loading technology. With an aim to apply 
these technologies in an ambulatory situation specific information must be isolated in 
order to provide a suitable loading stimulus. 
There exists a technical challenge in assessing the pressure and flow range envelope 
relative to an individual's pressure-volume curve during exercise. This envelope could 
then be applied to an ambulatory training device providing a specific loading stimulus. 
The development of a variable loading rationale would be most beneficial in catering to 
a wide range of subjects with varying performance capabilities and intensities. Future 
chapters will aim to identify these loading profiles, the design requirements of new 
loading technologies and the perceived benefits to whole body performance. 
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Chapter 2 
2.0 GENERAL, METHODS 
2.1 Respiratory Measures 
2.1.1 Respiratory Function 
2.1.1.1 Spirometry 
The SuperSpiro (Micro Medical Limited, Rochester, Kent, UK), a desktop spirometer, 
was used for the determination of all static lung volumes and flows. The unit comprises 
a handheld digital volume transducer consisting of a sealed turbine which provides high 
stability and is insensitive to air temperature and condensation (±3% accuracy). This is 
remotely linked to the main control unit that consists of a small keypad, an LCD colour 
display and a built-in thermal printer. 
Figure 2-1. SuperSpiro spirometer and lung function 
diagnostic centre (www. micromedical. co. uk) 
The SuperSpiro was used to measure real time Flow/Volume and Volume/Time curves 
and to provide predicted normal values. Subjects performed repeated maximal 
inspiration/ expiration manoeuvres forced and at rest via a disposable tube mouthpiece 
whilst wearing a noseclip. The unit was used to obtain peak inspiratory flow (PIF), peak 
expiratory flow (PEN), forced vital capacity (FVC) and forced inspiratory and expiratory 
volume in 1s (FIVI /FEV, ). The open loop function of the unit was used throughout 
the testing procedures. This involved the subject completing a single complete breath 
through the transducer in two different fashions. First, VC was measured which 
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required the subject to fill their lungs and then completely exhale to RV in a sigh-like 
procedure. This manoeuvre was repeated until a plateau of readings (within ±5%) was 
achieved (usually 6 times). Following this, an FVC manoeuvre was completed again 
requiring the subject to fill their lungs and then exhale fully and as quickly as possible 
and then inhale fully and again as quickly as possible completing a maximal 
flow/volume loop. This manoeuvre was repeated so that equivalent VC volumes were 
achieved. 
Calibration 
It is important that all implemented equipment (including the SuperSpiro) provides 
reliable, valid data. Reliability is defined as the consistency of the measurements, or the 
degree to which an instrument measures the same way each time it is used under the 
same condition with the same subjects. Validity is defined as the strength of any 
conclusions, inferences or propositions i. e. the property of an assessment tool that 
indicates that the tool does what it says it does (Salkind 2004). Statistical tests will be 
used to ensure that each item of equipment provides reliable, repeatable data and 
calibration will be necessary to ensure that the data is valid or a true, accurate value. The 
methods to be used in the calibration of all equipment will be the relevant comparison 
against a known validated and constant source. This will be in the form of repeated 
measurements and the production of the coefficient of variation, the expression of 
variation as a fraction of the mean (SD/Mean) (Caulcutt 1991), where appropriate or by 
the production of a correlation coefficient following graphical analysis. To test the limits 
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Figure 2-2. I (m-/%o>lumc luOp taken ilircý tl% in-in 
the screen of the SuperSpiro. 
of agreement between measurements, plots will also be produced in accordance with 
the guidelines of Bland and Altman (1986) where appropriate. This involves the 
comparison of the difference between measures and their mean. The limits of 
agreement are defined by two standard deviations from the mean (±). 
In order to check the calibration of the SuperSpiro unit a volumetric calibration was 
completed. This required the utilisation of two calibration syringes (6910m1 and 3075m1, 
Life Science Solutions, Norfolk, UK), which were set-up in the configuration as per 
Figure 2-3. The procedure involved the completion of repeated equivalent VC 
manoeuvres whereby each syringe was completely emptied across its full range to mimic 
a full expiration. The rate at which this occurred was varied. This was completed ten 
times for each syringe and the displayed VC value was recorded on each occasion. 
3 litre (3075m1) Calibration Syringe SuperSpiro 
f, 
rm- 
7 litre (691Om1) Calibration Syringe 
Figure 2-3.71 and 31 (exact values, 6910m1 and 
3075m1 respectively) calibration syringes. Figure 
shows 71 syringe connected to the SuperSpiro via the 
handheld transducer. 
The recorded values are shown in Table 2-1. Coefficients of variation (CV) were was 
used to measure agreement for each set of data (SD/Mean x 100). The mean values 
generated by the Superspiro differ slightly from the calibrated syringes (-3m1,6910m1 
syringe and -10ml, 3075m1 syringe). The CVs for the large and small syringes are 1 
and 2% respectively across the ten trials. This level of variation is acceptable as 
providing valid measurements. 
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Trial 6910m1 3075ml 
1 7000 3130 
2 6800 2970 
3 6880 3100 
4 6780 3110 
5 6910 3050 
6 6930 3050 
7 6960 3050 
8 6930 3140 
9 6930 2960 
10 6950 3090 
6907 3065 Mean 
69.29 61.87 SD 
0.01 0.02 CV 
Table 2-1 . SuperSpiro v olumetric calib ration values 
2.1.1.2 Flow Transducers 
Two different flow transducers have been used for different aspects of exercise and 
prototype testing. These consist of a custom made low-flow (±51"s-1) transducer most 
suitable for single breath analysis and a modular compact high-flow (±141-s-') transducer 
developed to minimise dead space and provide the facility to be suspended providing a 
direct interface with the subject. 
Low flow 
A custom made ±51. s"1 (±10volts) flow transducer (Si-Plan Electronics Research Ltd., 
Stratford, UK) was utilised to take flow measurements during interrupted single breath 
manoeuvres. This device consists of a Fleisch-type pneumotachograph capable of 
providing linear flow measurement over the stated range. During use the air flowing 
through the pneumotach produces a small pressure differential. A pressure transducer 
records this pressure drop and the resulting signal is converted so that flow can be 
displayed. This functionality is incorporated into a single unit made from machined 
white acetal. The mouthpiece (standard PVC flanged) is attached directly to this. A 
single BNC connection provides a link to a signal-conditioning unit. The signal- 
conditioning unit provides power and amplification to the transducer. The unit also 
allows zero adjustment. Connection to the signal processing hardware is via a 1.5m, 
3.5mm jack to jack lead. 
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High flow 
A modular high flow (±141"s-', ±10volts) transducer (Metabo - Type 4 Fleisch 
pneumotachograph, Linton Instrumentation, Diss, Norfolk, UK) coupled to a Biopac 
TSD160A differential pressure transducer was utilised for exercise tests in the later 
stages of the project. This device proved to be more practical than the low flow model 
because of its compact construction, high flow rate capabilities and a minimised dead 
space ensuring that it could be located close to the subjects' mouth using a standard 
flanged PVC mouthpiece. The functionality is as per the previous Fleisch pneumotach 
and connection is made via the differential transducer to the Biopac general-purpose 
amplifier (Biopac DA1000). The general-purpose amplifier in turn is connected directly 
to the signal processing hardware. This can be adjusted for gain and zero errors. The 
modular system is designed so that it can be hung in front of the subject thus further 
minimising dead space. A purpose built interchangeable system has been developed to 
connect the mouthpiece to the pneumotachograph, which incorporates a pressure tap 
and a built-in 6V heater. This reduces condensation build-up during an exercise test, 
which may affect airflow thus removing any drift in the calculations. 
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tube and differential transducer (UD = outside 
diameter). 
I 
Figure 2-5. High-flow transducer set-up. Left hand 
image is the Fleisch tube; right hand image is the 
differential pressure transducer. 
The flow transducer has been configured to ensure a low dead space and easy 
integration with training devices and test subjects. This has been achieved by stepping 
down the interface so that a normal mouthpiece can be attached directly to the 
transducer. A suspension arm and a tool balance were introduced to facilitate this 
interaction at the subject's mouth without causing discomfort during testing. The arm 
consists a two joint mechanism to allow a high level of manoeuvrability and adjustment 
and is wall mounted in front of the cycle ergometer (Figure 2-6). A hook at the end of 
the arm locates to a spring loaded tool balance. The tool balance can be adjusted to 
accommodate any mass hung from a trailing cord. This allows the flow transducer and 
training device assembly to appear weightless therefore ensuring the removal of any 
additional discomfort to the neck and jaw of the subject. 
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-ing balance 
Secured to wall 
to subject 
Figure 2-6. Wall mounted gantry and tool 
balance 
for suspension of equipment 
Flow Calibration 
The flow transducer calibration was essential to ensure validation of any data recorded 
from the subjects during the testing. The calibration was completed unheated. 
r 
-mum 4"r r X 
"i 
(a) ý .N ý1 yIý 
Figure 2-7. Calibration set-up shown in three main 
elements, (a) data acquisition system, (b) high-flow 
transducer and (c) rotameter x2 (high and low flow 
references) 
(c) 
The data acquisition system (Figure 2-7, (a)) also could not function without reference 
values. The flow transducer (Figure 2-7, (b)) was connected to a rotameter (GEC- 
ELVOT 2100/1000), in series with the university's compressed air supply, a constant, 
controlled supply. 
The windows based acquisition software (Acknowledge 3.7, Biopac Systems Inc., USA) 
is calibrated using a 2-point reference system. Voltage signals are scaled at two known 
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flows representative of the expected operation range, which are measured directly from 
the rotameter display. One of these represents a low flow (approx 201 min 1, taken using 
the smaller rotameter) and one represents high flow (approx 6001 min 1, taken using the 
larger rotameter). These references are saved as a calibration file to form the basis of 
future subject files. This calibration file is then subject to a correlation test, to compare 
the changing rotameter reading, and the displayed flow readings generated by the flow 
transducer across its full range (0 - 8001-min'). In this case readings were taken at 
approximate 101 miri 1 intervals. A typical calibration curve is plotted in Figure 2-8 and 
the coefficient of correlation is calculated (R2 = 0.9945). 
y=0.9937x + 8.8875 
High Flow Calibration R2 = 0.9945 
800 ------------------------------------------------------------- 
tEl 
0 100 200 300 400 500 600 700 800 
Rotameter (1/min) 
Figure 2-8. Calibration curve for high flow 
transducer 
The limits of agreement were assessed using methods defined by Bland and Altman 
(1986). The two methods were shown to be in good agreement (Figure 2-9). The mean 
difference between the two measurements was 71 min 1. The limits of agreement were 
38.371 -min-' (mean +2SD) and -24.371 miri 1 (mean -2SD). 
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Bland and Altman Plot - High Flow Transducer 
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Figure 2-9. A Bland and Altman plot showing 
airflow derived using the high flow transducer and 
rotameter. 
Volume Calibration 
A similar volumetric calibration check was completed on the high-flow transducer as 
implemented in the testing of the SuperSpiro (Figure 2-3). Volume is calculated by the 
data acquisition system via integration of the airflow signal. In order to complete the 
volumetric calibration the airflow calibration file was opened and a calculation channel 
was programmed to display volume during an acquisition. The 3075ml syringe was 
employed to mimic equivalent tidal volume values. The values recorded on the data 
acquisition system are shown in Table 2-2. The mean value is 102.5ml less than the 
calibrated volume, however the CV value represents only a 2% variation. 
Trial 3075m1 
1 2960 
2 2990 
3 3001 
4 3013 
5 2995 
6 2972 
7 2866 
8 2893 
9 3029 
10 3006 
2972.50 Mean 
53.12 SD 
0.02 CV 
Table 2-2. H igh-flow transd ucer volumetric 
calibration value s. 
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The manufacturer completed calibration of the low-flow transducer. This device was 
custom built for the project and calibrated prior to delivery. The calibration data 
supplied by the company generates the plot in Figure 2-10. The correlation coefficient 
of 0.997 is achieved which is again representative of an excellent correlation. 
Low Flow Calibration y=0.9967x + 
3.1818 
R=0.9996 
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Flow Source (1/min) 
Figure 2-10. Calibration curve for low flow 
transducer. 
The limits of agreement were assessed using methods defined by Bland and Altman 
(1986). The two methods were shown to be in good agreement (Figure 2-11). The mean 
difference between the two measurements was 3.181 -min 1. The limits of agreement 
were 11.151 -min-' (mean +2SD) and -4.781-min 
1 (mean -2SD). 
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Bland and Altman Plot - Low Flow Transducer 
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Figure 2-11. A Bland and Altman plot showing 
airflow derived using the low flow transducer and an 
unspecified reference. 
2.1.1.3 Pressure Transducers 
Static 
A hand-held mouth pressure meter (Precision Medical Ltd., Pickering, North Yorks, 
Uli) was used for the determination of maximum static inspiratory pressure. This 
device uses a differential pressure transducer to record changes in air pressure. It is 
capable of measuring differential pressures between ±350cmH20 at a repetition rate of 
16Hz. While inspiratory pressures are applied, the instrument calculates and records the 
maximum pressure and the maximum mean pressure over a 1s period. The test duration 
must exceed 1.5s for both indices to be displayed. 
There has been a great deal of literature published on the procedures for obtaining 
Maximum Inspiratory Pressure (MIP) and these have been used as a guide (see 
Respiratory Measures, section 1.5). There is a Learning effect associated with these 
manoeuvres; to this end each subject was given sufficient practice so that a consistent 
value could be achieved (5-18 manoeuvres). Prior to each attempt the subject was 
coached to ensure a maximal level. This involved the requirement to complete the 
procedure at residual volume (RV). The procedure was completed in the standing 
position and a nosepiece was worn on all occasions. The subject was verbally 
encouraged and advised to rest between manoeuvres. 
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Dynamic 
A custom-made ±250mb (±10V) pressure transducer (Si-Plan Electronics Research 
Ltd., Stratford, UK) was utilised to take pressure measurements during dynamic 
manoeuvres. The transducer itself is a differential pressure unit and is housed inside a 
small box to protect the circuitry and improve robustness. The small unit has two 
connections, a BNC for connection to a signal conditioning unit and a small bore 
flexible hose open so that it can be attached to a pressure tap close to the mouthpiece. 
The attachment to the mouthpiece is via a barbed male connector or interference fit 
into the mouthpiece material. The signal-conditioning unit provides power and 
amplification to the transducer. The unit also allows zero adjustment. Connection to the 
signal processing hardware is via a 1.5m, 3.5mm jack to jack lead. 
250mbar pressure transducer 
Serial number Pressure 
S7456 Pon 
Figure 2-12. Dynamic pressure transducer 
Pressure Calibration 
Both the static and dynamic pressure devices were calibrated using a pressure reference, 
in this case a water manometer (range 0- 100cmH2O). A sealed circuit was assembled 
whereby a three-way tap was connected to the water manometer, a 5m1 syringe and the 
equipment to be calibrated. 
The manufacturer completed the original calibration of the dynamic pressure 
transducer. This device was custom built for the project and therefore accurately 
calibrated. The calibration data supplied by the company generates the plot in Figure 2- 
13. The correlation coefficient of 0.9997 is achieved which is again representative of an 
excellent correlation. 
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Pressure Calibration y=1.003x - 0.3886 
R2 = 0.9997 
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Pressure Source (mb) 
Figure 2-13. Pressure calibration curve 
(manufacturer's results) 
The acquisition software was calibrated using a 2-point reference system as per the 
high-flow calibration procedure. Voltage signals were scaled at two known pressures 
representative of the expected operation range, which were measured directly from the 
manometer scale. One of these represents a low pressure (0mb, 0V) and one represents 
high pressure (176.2mb, 6.89V). These references were saved as a calibration file to 
form the basis of future subject files. This calibration file was then subject to a 
correlation test, to compare the manufacturers calibration data and a changing 
manometer reading produced across its full range (0 - 100cmH2O) by repeatedly 
generating pressure using the 5m1 syringe and locking that pressure into the system via 
the three-way tap. In this case manometer and computer screen readings were taken at 
approximate 10mb (converted from cmH2O) intervals. A typical calibration curve is 
plotted in Figure 2-14 and the coefficient of correlation is calculated (R2 = 0.9997). 
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Dynamic Pressure Transducer Calibration y=1.0277x + 2.: 
FRF = 0.9997 
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Figure 2-14. Pressure calibration curve (comparison 
with water manometer). 
The limits of agreement were assessed using methods defined by Bland and Altman 
(1986). The two methods were shown to be in good agreement (Figure 2-15). The mean 
difference between the two measurements was 3.58mb. The limits of agreement were 
5.43mb (mean +2SD) and 1.74mb (mean -2SD). 
Bland and Altman Plot - Dynamic Pressure 
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Figure 2-15. A Bland and Altman plot showing 
pressure derived using the dynamic pressure 
transducer and a water manometer. 
The same calibration check and set-up was completed upon the static pressure device 
(mouth pressure meter) however the units used in this case are cmHZO. A typical 
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calibration curve is plotted in Figure 2-16 and the coefficient of correlation is calculated 
(le = 0.9998). 
Mouth Pressure Meter Calibration '=0.992c + 
0.3848 
R2 = 0.9998 
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Figure 2-16. Pressure calibration curve (mouth 
pressure meter, static). 
The limits of agreement were assessed using methods defined by Bland and Altman 
(1986). The two methods were shown to be in good agreement (Figure 2-17). The mean 
difference between the two measurements was -0.01cmH2O. The limits of agreement 
were 0.74cmH20 (mean +2SD) and -0.76cmH20 (mean -2SD). 
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Figure 2-17. A Bland and Altman plot showing 
pressure using the mouth pressure meter and a water 
manometer. 
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2.1.1.4 Thorax Displacement 
CODA System 
To assess the displacement of the thorax, a CODA Motion Analysis system 
(Charnwood Dynamics) was used. The system is a 3D motion capture device 
comprising two infrared cameras/scanner units and a range of individually numbered 
battery powered drive boxes each connected to up to two infrared light emitting diode 
(LED) markers. The markers emit a strobing infrared light, which can be recognised by 
the CODA cameras (Figure 2-18). 
Figure 2-18. Camera, drive box and infrared marker 
At the beginning of a capture, a double pulse emitted by the cameras initiates the 
detection of marker positions. The drive boxes detect this double pulse and marker 
number one flashes. The cameras then emit a succession of single pulses at 170µs 
intervals, each pulse causes the next marker in sequence to flash. The flash duration of 
each marker is 40µs. 
ABC 
Figure 2-19. Camera etchings for the three cameras 
A, B and C to produce shadows following marker 
flashes. 
Each CODA camera unit houses three individual cameras, which detect the infrared 
flash emitted from the markers. The cameras are etched with a random pattern of black 
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lines that cast a shadow of the lines onto a linear optic sensor array when exposed to the 
flashes of infrared light from the LED markers (Figure 2-19 A, B and C). Each marker 
flash produces specific shadows at A, B and C depending on the marker position. In 
each CODA unit cameras A and C are sensitive to horizontal marker positions whilst 
camera B is sensitive to vertical positions. For each point in space a different shadow is 
produced, each shadow received by the sensor array is correlated with a template of the 
shadow patterns held in computer memory, giving the 3D location of the marker 
casting the shadow. These data are supplied to a software package that has the facility to 
display the LEDs as a series of points in space in real time at sampling frequencies of up 
to 800Hz (max 5 millisecond delay, accurate to 0.05mm within 4m3 envelope). 
These points are linked using the software to create a 3-dimensional stick figure. The 
movement of the resulting net can then be analysed as static graphs of displacement, 
velocity and acceleration (against time and marker position) or as a 3D movie file for 
descriptive purposes. To emphasise the movement, zoom, rotate, trail and trajectory 
functions are enlisted. 
For the specific task of defining thorax displacement, 16 markers were used and 
strategically placed at key anatomical landmarks around one half of a subject's thorax by 
means of a modified vest. It was assumed that the displacements, etc. would be the 
same for the other half of the thorax and could simply be mirrored through the sagittal 
(medial) plane. The cameras were positioned near to perpendicular to one another to 
ensure that no marker was out of sight during the capture. Sampling rate was fixed at 
200Hz. 
aý 
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To ensure minimal interference of movement of data points the subject's spine was 
aligned against a fixed vertical pole. Alignment was achieved via two fixed points, one at 
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the back of the head and the other in the small of the back. The eye line was guided 
along the x-axis to ensure instant understanding of the configuration of the data points 
appearing on the computer screen. During motion capture the subject carried out 
normal spirometric manoeuvres both seated and astride the cycle ergometer. 
Additional static virtual markers, which can be included in stick figure views and plotted 
within graphs, were created at each equivalent marker position. These assisted in the 
measurement of motion relative to the starting or end point of an inspiration. 
CODA Calibration 
The first step towards acquiring data is to calibrate the motion capture by defining the 
marker origin. This will be the point in 3D space about which the marker positions will 
be tracked. To achieve this, 3 markers are required and for ease it is best to plug them 
into drive boxes positioned numbers 1-3. The markers then need to be orientated with 
at least 50cm separation between them. The best orientation is with the xy-plane 
defined by the floor and having the z-axis as the vertical. For the sake of the 
explanation, Marker 1 will define the origin. 
Agnment ID Wune: 
Origin Marker ;1f 
1 
2 
n 
A, es Markeis: 
Nigm 
<- : I' > 
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Z- aws: 
Cancel OK 
Figure 2-21. CODA calibration layout schematic and 
software interface 
The marker orientation when aligning CODA does not have to be a right angle pattern 
as displayed in Figure 2-21. Markers 1 and 2 identifies the x-axis. Marker 3 defines a 
plane relevant to the x-axis. The software creates the y-axis, which is perpendicular to 
and in the same plane as that of the x-axis. The z-axis is formed perpendicular to the xy- 
plane. 
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This information is saved as a set-up file. This file contains the origin and alignment 
data so that the captures can be played back at a later date without having to attempt to 
recreate the same camera positions. The set-up file can also store information relating to 
how the data is viewed when a motion data file (. mdf) is opened at any later date. A 
motion data file contains the specific capture information. 
2.1.1.5 Thoracic Force Generation 
Thoracic force generation was measured using a custom-made strain belt. This was 
implemented in line with the point of perceived maximal chest wall displacement (mid 
sternum, Chapter 4). To generate data the subject was required complete a forced 
inspiration against the belt at different lung volumes. For each measurement the belt 
was adjusted to a length relative to two baseline values, RV and TLC. The forces 
achieved at these lung volumes were via a `tight' fit whereby the belt did not slip from 
its position nor did it alter the compression on the chest wall. The belt was constructed 
using a length of inelastic webbing (30mm wide) woven into a friction buckle. Close to 
the buckle, the webbing was cut and a preformed (curved) stainless steel plate was fixed 
to the two ends. A 1200hm strain gauge was glued to this plate and its leads were 
connected to a strain amplifier (Figure 2-22). 
Strain Amplifier 
" It 
Adjustable Chest Band 
no 
120 Ohm Strain Gauge 
MNffQ 
Figure 2-22. Strain belt set-up and strain gauge close- 
up 
A curved preformed plate has been chosen to ensure that the major strain is produced 
along a single axis. A strain gauge works by measuring a change in resistive properties 
due to deformation, in this case by the tensile force generated through the preformed 
plate during inspiration. If the plate were flat then additional torque would add to the 
deformation of the strain gauge and hence affect the measured strain. 
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The strain amplifier connected to the strain gauge uses a series of four similar resistors 
set in a Wheatstone bridge layout (Figure 2-23). The strain gauge fixed to the belt makes 
up the bridge format. The strain amplifier provides a voltage across the bridge. The 
resistor setting on the amplifier is set accordingly (1200hm). 
Figure 2-23. Wheatstone bridge consisting four 
resistors including the strain gauge. 
A change in the strain causes a change in the resistance and hence an unbalance in the 
Wheatstone bridge. This loss of symmetry develops an output voltage, which is 
proportional to the bridge's unbalance. This voltage is amplified and displayed as the 
strain produced on a digital display (Hoffmann, 1989). 
Thoracic Force Calibration 
To calibrate the thoracic force belt known masses were hung from the belt and the 
strain reading recorded. The recording was taken only from a stable reading achieved by 
minimising the swing of the hung masses. 
Scales 
Strain belt 
Hung mass 
Figure 2-24. Strain belt cahl)ratiuu set-up 
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The resulting calibration curve is shown in Figure 2-25. A trend line has been fitted to 
the resulting plot with a correlation of 0.98. The equation generated by the fitted trend 
line was recreated in an Excel spreadsheet and values were converted into force units 
(Newton) using the equation to calculate an object's weight (weight = mass x 
acceleration due to gravity). The resulting strain measurements taken as tension in the 
belt created by human subjects were then directly converted into force units. 
y=2.3693x - 21.22 
Force vs Strain Calibration Curve R2 = 0.9841 
350 T-------------------------------------------------- 
300 -------------------------------------------------- 
250 ------------------------------------! ---------- 
200 200 ----- ----------------------------- -------------- 
N 150 --------------------- ---------------------------- 
100 ------------ ------------------------------------ 
50 
0 
20 40 60 80 100 120 140 
Force (N) 
Figure 2-25. Strain belt calibration curve and 
conversion equation 
2.2 Ergometry 
2.2.1 Cycle Ergometer 
A Monark 839E computerized pendulum balance cycle ergometer (Monark Exercise 
AB, Varberg, Sweden) was used for all exercise protocols. It consists of an 
electromechanically controlled pendulum braking system and remote interface. It is 
designed for fitness assessment and stress testing in the fields of research, sports 
medicine and rehabilitation. It provides a constant workload (0-1400W) independent of 
pedal speed at 1watt increments. The unit can be manually programmed and has a built- 
in telemetric heart rate monitoring system consisting of a handlebar mounted receiver 
used in conjunction with a chest-belt transmitter. A Borg scale (see Sensory/Perception) 
is also conveniently located in front of the subject beneath the interface cradle. 
87 
C-4) 
1 V9M. VOW lYr 
' 
.a1 rMr iMr 
S t0 
hmr IASV 
t tY ý 
-lIr 
tI ! OrlýfuýtMYD 
f tt 
ýýýMIpNý 
__!! wMD ~ý tf 
_ tl Yg1NtitD 
I'll 
VOW no"" 
31 
ýMlrýft 
Figure 2-26. Nlonark 8391: cycle ergometer and 
attached borg scale 
Horizontal and vertical adjustment of the seat is possible while only vertical adjustment 
of the handlebars is possible. Both the seat and handlebars were upgraded to include 
racing bars and a slimmer saddle that can be replaced by the subject's own if required. 
Furthermore, optional pedals have been added comprising universal fittings so that 
both trainers and cleats can be used. Two general test protocols were implemented, 1) 
to determine maximal workload capabilities and 2) a period of exposure to an external 
inspiratory load at a percentage of the maximal load attained. 
Cycle Ergometer Calibration 
The cycle ergometer was calibrated in accordance to the manufacturer's instructions. 
Firstly the pendulum requires calibration using a known mass. In order to achieve this, 
the cover was removed from the flywheel and the balancing spring was loosened and 
removed from the brake belt. The 0-index of the adjustable scale was checked that it 
was in line with the index marking on the pendulum weight, and adjusted as necessary 
(no adjustment was necessary during the testing procedures). Secondly, a Monark 4kg 
reference weight was attached and suspended from the balance spring attachment 
(Figure 2-27, left hand side image). The scale was again checked to ensure that the 
pendulum's new position corresponded with the 4kg mark. There was no deviation 
from this position and no adjustment was therefore necessary. The reference weight 
was then removed, the balance spring was replaced and the cover was re-assembled. 
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Hung mass 
Figure 2-27. Two-step calibration. Left hand image - 
mechanical reference. Right hand image - electronic 
reference. 
Calibration of the electronics was also carried out to match the mechanical system and 
computer control systems of the ergometer. A calibration function can be selected on 
the initial display screen. Display instructions were then followed to complete the 
calibration (Figure 2-27, right hand image). These consist mainly of moving the 
pendulum to different swing positions and waiting for confirmation. The calibration 
coefficient, which is calculated by the computer, is then stored in the continuous 
memory. 
2.3 Perceptual Measures 
2.3.1 Sensory/Perception 
A 15-grade scale of perceived exertion was used during exercise tests to record the level 
of exertion, defined as the `Borg Scale' (1971). This scale was specifically developed 
during cycle ergometer testing in order to, "increase the linearity of the relationship 
between rating of perceived exertion (RPE) and work load" (Borg, 1971). Gamberale 
(1985) examined its properties and subsequently classified it as a category scale with 
interval properties. The scale used in the present context is a reproduction of the 
dimensions specified by Borg (1971). 
The RPE scale used was displayed in line with the handlebars of the cycle ergometer so 
that postural changes were not necessary during communication of the levels during 
testing. Prior to testing subjects were familiarised with the scale and instructed on how 
to make the ratings. It was requested that a number from the scale should be given as a 
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result of considering the accompanying descriptors of the ascending levels. Each subject 
was instructed that their communicated value should represent their perception of 
effort, not any localised pain or discomfort. During the exercise tests, subjects were 
questioned as to their perceived level of exertion at minute intervals. As subjects 
approached the point of fatigue during maximal tests the prompts for RPE were 
stopped so as not to distract from meeting an absolute maximal value. The purpose of 
taking this data during the maximal exercise test was solely to assess the subject's 
condition throughout the test so that attention could change from data collection to 
subject care and encouragement. RPE was also taken at minute intervals during the final 
technology implementation as a means of assessing its feasibility. It was envisaged that a 
large shift in RPE would represent an undesirable technology characteristic. 
2.4 Data Acquisition 
2.4.1 Signal Processing 
All data acquisition and signal processing was completed using a Biopac MP100 system 
(Biopac Systems, Inc., Santa Barbara, CA, USA) and the accompanying software 
(Acknowledge 3.7). The system is designed specifically for taking life science data and is 
capable of monitoring up to 16 analogue and 16 digital channels at an aggregated 
sampling frequency of up to 40kHz. 
The unit was configured to measure pressure and flow as two analogue signals at 
sampling frequencies of 200Hz. These were calibrated, as described, to yield a particular 
voltage range so that an accurate trace could be observed. Calculation channels were 
also incorporated so that in real time, volume could be monitored (mathematical 
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Figure 2-28. Utopac . MMP100 data acquisition system 
integration of airflow signal). Control calculation channels were also defined so that a 
5volt signal could be produced as certain thresholds were passed. 
2.5 Anatomical Measures 
2.5.1 Height 
Each subject's height was recorded for the calculation of body composition and to 
obtain predicted normal values from the SuperSpiro. A portable Stadiometer (Seca Ltd, 
Birmingham, UK) was used (range 0-2.07m, 1mm graduations). This was positioned 
close to a wall and the subject was required to remove their shoes and stand on the 
footplate while the measurement was taken. 
2.5.2 Body Mass 
Each subject's body mass was recorded for calculation of body composition and to 
obtain predicted normal values from the SuperSpiro. Electronic scales (Tanita UK Ltd, 
Middlesex, UK) were used (range 0 to 136kg, 200g graduations). Subjects were required 
to remove their shoes and any clothing surplus to that worn during the exercise tests. 
2.5.3 Body Composition 
Each subject's body composition was recorded to provide further means of subject 
classification, if necessary. Harpenden Skin-fold callipers (British Indicators, West 
Sussex, UK) were used and a three-site procedure suitable for males was completed 
(Jackson and Pollock, 1978). Each subject was asked to remove enough clothing to 
expose the three skinfold sites. These were: chest, midpoint between the anterior 
auxiliary line and nipple along the contour of the pectoral muscle; abdomen, vertical and 
approximately 20mm to the left of the umbilicus; and vertically on the anterior aspect of 
the left thigh, around the midpoint between the hip and knee joints. A water-based 
marker-pen was used to mark the sites in the form of a cross. The subject was then 
informed of the procedure and prepared by means of a test completed on their hand 
between thumb and forefinger. 
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Figure 2-29. Harpenden skinfold callipers. 
The callipers were applied until the reading settled as the fat cells compressed. The 
sequence was repeated at least three times so that values were consistent within ±5%. 
Each value as well as subject age and waist and forearm circumferences were entered 
into the body density equation (1. Jackson and Pollock, 1978). The body fat percentage 
was then calculated using the Sin equation (2). 
1. Body Density = 1.099075 - 0.0008209(X2) + 0.0000026(X2)2 - 0.0002017(X3) - 
0.005675(X4) + 0.018586(X5) 
X2 =sum of the chest, abdomen, and thigh skinfolds (mm), X3 = age jyrs), X4 = waist circumference 
(m) and XS =forearm circumference (m) 
2. %Fat = [(4.95/Body Density) - 4.5] x 100 
Calibration 
The skin-fold callipers were calibrated using a set of slip gauge blocks (Matrix, Coventry 
Gauge, Leicester). Seven slip gauges were used ranging from 5mm to 35mm in 5mm 
intervals representing the equivalent application range of the callipers. The displayed 
reading was recorded three times at each interval and the mean value was compared to 
that of the slip gauge. Figure 2-30 is a plot of the data obtained. 
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Figure 2-30. Calibration curve for the skinfold 
callipers. 
The limits of agreement were assessed using methods defined by Bland and Altman 
(1986). The two methods were shown to be in good agreement (Figure 2-31). The mean 
difference between the two measurements was -0.01cmH2O. The limits of agreement 
were 0.74cmH20 (mean +2SD) and -0.76cmH20 (mean -2SD). 
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Figure 2-31. A Bland and Altman plot showing 
displacement derived using skinfold callipers and a 
series of slip gauges. 
The plot shows that for displacements greater then 10mm, there is an increasing 
positive offset. This is due to fact that the callipers have measurement faces in a fixed 
position i. e. they are not hinged so do not remain parallel. As the measured 
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displacement increases thus the angle between the calliper measurement faces and the 
slip gauge faces increases. This is however not considered to be an important issue 
during human measurement due to the nature of the tissue behaviour. 
94 
Chapter 3 
3.0 TECHNOLOGY EVALUATION 
3.1 Limitations of Existing Devices 
3.1.1 Training the Inspiratory Muscles 
It is beneficial at this stage to consider the type of training most suitable for the 
inspiratory muscles. It is clear from Chapter 1 that improvements are seen following 
IMT with gains in inspiratory muscle strength and resistance to fatigue (endurance) 
possible. In terms of transferring these gains to improved exercise performance, it is 
important to note that physiological adaptations in response to physical training are 
highly specific to the nature of the training activity (Wilmore and Costill 1994). The 
phenomenon of skeletal muscle adapting to a specific activity, enabling an increase in 
suitability to carry out that activity is well researched. This principle applies to the 
inspiratory muscles. Indeed Tzelepis et al. (1994) and Romer and McConnell (2003) 
reported that the type of respiratory muscle training was highly specific to the measured 
benefits. 
Ventilation during exercise involves high-flow and low resistance work (Spengler and 
Boutellier, 2000) and it is belief of the author that the chosen technology might benefit 
from providing a stimulus specific to these conditions. Although the existing 
technologies have been applied in many ways proving the fundamental benefits of 
inspiratory muscle training, there are still shortfalls in the applications and the 
limitations of the existing technologies themselves in terms of providing a truly specific 
load. It has been discussed in section 1.6 that the principle of specificity is believed to 
have potential for various extremes of interpretation. Firstly, it is believed that 
specificity should involve ambulatory loading thus permitting the training activity to 
mimic the specific event being trained for. It is believed that this load should therefore 
incorporate both the force (pressure) and velocity (flow) components of the force- 
velocity relationship of the inspiratory muscles. Secondly, the load itself can also be 
highly specific to match the length-tension relationship of the inspiratory muscles thus 
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maximising the exploitation of the power component of the force-velocity relationship 
throughout an inspiration. 
Each of the technologies has shortfalls and strengths that should be addressed with 
regards to the above design challenges so that a better picture of future requirements 
can be defined. This will assist in defining the specific requirements of a new technology 
and in assessing whether this involves the advancement of existing technology or 
innovation through the application of a new technology. Taking each technology in 
turn, as reviewed previously the main pros and cons of each will be discussed. 
3.1.1.1 Hyperpnoea 
The positive aspects of using Hyperpnoea as a means of training the inspiratory muscles 
are that the increased levels of ventilation are not dissimilar to those observed during 
exercise (the muscle activation pattern is however different, MVV), thus partially 
satisfying the requirement of specificity. The reported benefits are generally associated 
with increased inspiratory muscle endurance; a desirable characteristic achieved in terms 
of performance enhancement. There is no evidence however, of increased muscle 
strength thus limiting the technology to the velocity (flow) axis of the force-velocity 
relationship of the inspiratory muscles. Requirement for the control of inhaled gas in 
the majority of studies also limits the training to a laboratory-based situation. This has 
been alleviated to some extent with the development of a portable technology however 
some means of visual or aural encouragement is still necessary to ensure maximal effort 
and compliance i. e. the continual emptying of a balloon. The training protocol can also 
take 30min per session, which is time consuming for the subject who must be highly 
motivated. 
3.1.1.2 Flow-Resistive Training 
Technologies utilising resistance to airflow can consist of a simple mouthpiece thus 
lending itself to use during a sporting activity. The load can also be altered quickly by 
changing the diameter of an aperture. For an accurate load however, visual 
encouragement is necessary and the final load is completely dependent upon the user's 
ability to generate flow i. e. at zero flow, the load generated is zero and peak load is 
generated at peak flow. During a forced inspiratory manoeuvre (FVC) this occurs at the 
approximate mid point of the inspiration. In respect of this a user can `cheat' by altering 
their breathing pattern. 
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Figure 2-2 (Flow/Volume loop, General Methods) describes an example of the flow 
rates achieved during a FVC manoeuvre. It is clear that the major drawbacks of this 
application are that no loading takes place at the point at which the muscles are 
strongest. 
3.1.1.3 TIRE Method 
The main benefit of the TIRE method is that the functional range of muscle receives a 
training stimulus. In-built software removes the need for external assistance or 
encouragement thus improving upon normal flow-resistive technology, however this is 
necessary to ensure that a defined and consistent load is achieved. The main flaws in 
terms of providing an ambulatory load are primarily the requirement for cumbersome 
hardware. Furthermore there is no velocity specificity achieved thus confining the 
loading technology to the force axis of the force-velocity relationship of the inspiratory 
muscles. Finally, the manoeuvre does not mirror the dynamic flow loop associated with 
normal breathing, or most pertinently, breathing during exercise defined by the fact that 
each breath is extended over a twelve second period. 
3.1.1.4 Pressure-Threshold Loading 
Pressure threshold training provides reliability and repeatability. From the research in 
this area, two major technologies have arisen, the weighted plunger and spring-loaded 
valve. Both methods have the same basic principles with different methods for 
generating the load. The spring-loaded method is a definite improvement giving 
considerable device weight savings and no orientation constraints whereas the plunger 
device requires a vertical plane for accurate function, thus providing the need of some 
supervision rendering it impractical. Regardless of the form chosen however, the fixed 
load across an inspiration represents a limitation during a single inspiration. 
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Figure 3-1. A schematic depiction of a typical loading 
profile for a threshold device. 
As can be seen in Figure 3-1, when the load is high, a point is reached where the load 
exceeds the force generating capacity of the muscles. The result is the closing of the 
valve leaving a portion of the lung volume range not receiving any training stimulus. 
With the use of varying settings, training at both limits of the force-velocity relationship 
is however permitted. The recommended method of use of this technology is to 
complete a static manoeuvre, e. g. 30 maximal breaths in the seated position. This does 
not lend itself to specific training in an exercise situation. 
3.1.1.5 Other Flow-Independent Devices 
Chen et al. 's (1997) negative pressure device essentially provides a similar stimulus to 
that of Pressure-Threshold loading whereby the load is fixed. A further limitation 
specific to this technology is the requirement for a large source of negative pressure, in 
this case a vacuum pump, thus not being suitable for field use. The device developed by 
Bardsley et al. (1992) may however have greater potential. In its current format it 
provides only a single threshold load but alteration of the control signals may 
beneficially change this functionality. 
3.1.1.6 Thorax Restricting Devices 
The limited literature available on Thorax Restrictive Devices does not provide firm 
evidence as to the potential success within a respiratory training implementation. There 
are however, aspects such as pure simplicity that may warrant its further development. 
In the case of the latex bands (Furian et al., 1998) this has good potential for application 
in an exercise scenario. The simplicity would ensure ease of use and low cost, however 
there are drawbacks. Depending on the fit and user adjustment of a specific band, the 
load would change thus rendering it hard to accurately define. This has been solved by 
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Cline et al., (1999) but with the requirement of a large compressed air supply and heavy 
equipment. Further to this, the restriction of thoracic movement has been shown to 
alter the breathing pattern such that tidal volume is reduced and breathing frequency is 
increased (DiMarco et al., 1981 and Nishino et al., 1992 - refer to section 1.5.7 for a 
more in-depth discussion) an issue which would require further consideration if 
developing this type of technology. DiMarco et al., 1981 showed that selective 
restriction of the rib cage causes compensatory increases in the tidal volume of the 
unhindered portion of the chest wall. A consideration of the specific placement of the 
restriction may also therefore be important. 
3.2 Technological Requirements 
3.2.1 Discussion 
From the previous discussions it is clear that none of the existing devices provide a truly 
effective loading profile compared to the force generating capabilities of the inspiratory 
muscles in the context of ambulatory loading and as yet a sport specific training 
technology does not exist. These observations will therefore prove useful for defining 
limitations and form a functional analysis for the identification of future design 
specifications. The key limitation of the flow-training device for example is that at the 
point where the muscles' force generating capacity is greatest (RV), there is almost no 
load generation taking place. The pressure threshold devices, on the other hand, are able 
to develop a high initial load, however the load remains constant for a given setting so 
that as soon as the force generating capabilities fall below that required for the valve to 
stay open, it closes prematurely. It is clear therefore that although each technology has 
contributed valuable content, there is room for improvement, certainly in terms of the 
sporting population. 
A number of papers have been more critical of the use of current IMT devices in 
athletic populations (Williams et al. 2002, Hart et al. 2001, Sonetti et al. 2001 and Inbar et 
al. 2000). The most widely used technology, pressure threshold, remains a topic of 
controversy regarding its associated benefits. It appears specifically that the device's 
functionality, correct use, and measurement of outcomes are contentious issues. From 
the earlier literature review (Chapter 1) it is clear that devices such as the Powerbreathe 
are capable of providing ergogenic improvements in controlled and repeated 
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experiments (e. g. Volianitis et al 2001 and Romer et al 2002). An analysis by McConnell, 
Caine and Sharpe (separate correspondences, 2001) of the publication by Hart et al. 
(2001) has led to the suggestion that poor selection of measurement techniques and an 
insufficient sample population resulted in data that unjustifiably opposes the presence 
of ergogenic benefits. An example of inappropriate performance measurement is that of 
Inbar et al (2000) whereby changes in VO2mu are monitored. P02, is not expected to 
change, a more suitable method would be to study the effects of a redistribution of the 
available oxygen following specific inspiratory muscle training rather than an ability to 
increase uptake. 
Further examples of insufficient sample populations are seen in Sonetti etal. (2001) and 
Williams et aL (2002). In the case of Williams et al. (2002) a small sample size (n =7 male 
and female) and large variation in data appears to mask the presence of a reduction in 
endurance run time. This study does however demonstrate significant increases in 
breathing endurance time and MIP. Similarly, Sonetti et al. (2001) who in fact were able 
to demonstrate a significant 26% increase in endurance time and a 1.8±1.2% (P<0.01) 
increase in an 8km time trial in a small group (n = 9), did not show any significant 
difference compared to a placebo group. This publication, which almost confirms the 
presence of ergogenic benefits, is an excellent example for demonstrating the potential 
and requirement for an improved IMT technology and application. Caution should 
therefore be observed with regards to the development and testing of a new technology 
and future development in the current thesis should attempt to eliminate contention by 
including a clear definition of requirements, the application of the technology and 
particularly the methods used to measure any benefits. 
With the emphasis placed towards specificity in modern training techniques it appears 
that there is the need for a new device employing a novel technology, indeed 
implementation of a functionally sub-optimal technology may be the cause of 
controversy within the literature. It would however, also be foolish to discount the 
potential for the development and improvements of existing technologies and the 
production of a variable technology may benefit by permitting both emulation of 
existing technology and subtle application or load geometry modifications to take place. 
The following is therefore a list of selection-criteria to score the existing technology 
against the general requirements of an ideal technology. 
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The fundamental aspects of this device should be as follows: 
" To increase inspiratory muscle performance by means of overload in terms of 
strength (force / pressure production), velocity (peak flow / rate of muscle 
shortening), power and endurance. 
" The device should demonstrate complete independence from flow i. e. the load 
should be attributed to chosen technology only and not from additional flow 
resistance within the valve geometry. 
" The device should cater to a range of pressure loads in the region of 0 to 
200cmH2O. 
" The device should cater for a range of flows in the region of 0 to 101 s'. 
" The device should provide a load in accordance with the force generating 
capabilities of the inspiratory muscles of an individual, across an inspiration. 
" The device should permit ambulatory loading and thus sport specific training. 
" The training load should accommodate lung volumes in the region of 0- 
7litres. 
" The technology should not require expert assistance. 
As far as scoring the existing technology, some of these requirements may be too 
specific for the context of the current thesis and the development of prototype 
technologies. The general needs however must however be considered: 
Flow independence from load, whereby the flow that the user produces is during 
inspiration does not alter the desired load. 
User specific load, so that an individual's capabilities and particular weaknesses can be 
catered 
Load can be accurately defined, so that an approximation of its magnitude can be 
made. 
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Sport specific load, as it is important that the loading stimulus matches the ventilation 
characteristics of a sporting activity. 
Ambulatory, so that an individual can complete normal sporting activities unimpeded. 
The quality of this activity should not be impaired by the presence of the technology. 
User expertise is important, as the requirement of assistance may not be conducive to 
a long-term protocol or commercial device. 
If no clear differences are seen with the listed requirements then further scoring with 
other parameters such as comfort, impairment of whole body training and IMT 
duration will be considered. 
3.2.2 Comparison Table 
Table 3-1 provides a means of comparing and evaluating the different technologies 
against each other and the set of previously defined requirements. The table is based 
upon the Evaluation Chart defined by Pugh (1991), which summed the positive, 
negative and neutral scores separately to assess different designs against set criteria. The 
following Comparison Table uses ±1 or 0 to score against set criteria and a single sum 
of these scores is used to compare different designs. 
Scores for flow independence from load will be -1 if the load completely relies upon 
flow to generate the load, 0 if there are means to available to control or motivate the 
subject and 1 if the majority of the load is provided by alternative methods. The user 
specific load will be scored 0 or 1 depending on whether the load can be accurately 
suited to a user (1) or approximated (0). If the load can vary subject to subject for a 
given setting then -1 will be scored. If the load can be accurately defined or quantified 
to a specific subject then 1 will be given. If the load is approximated then a0 will be 
given, else a -1 will be given for no load definition. If the load is sport specific then the 
load will match a given activity's ventilatory requirements (1). If the load approximates a 
normal inspiration then a0 will be given else a -1 will be scored if a completely 
unnatural inspiration is required. Ambulatory scores will depend on the device's ability 
to be used during exercise whilst providing a relevant load (1 - relevant, 0- irrelevant) or 
only suitable for static application (-1). A1 will be scored if it is perceived that the 
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device requires no user expertise. If some assistance in the form of basic documentation 
is necessary then a0 will be given. Technology that requires laboratory assistance will 
score -1. 
Flow 
User Specific 
sport apecihc 
Expertise 
Required 
Ambulatory 
Use 
Tota 
Pressure 
Threshold 
Flow 
Resistive Hyperpnoea 
Thorax 
Restrictive TIRE 
1 -1 -1 0 0 
1 0 0 0 1 
1 -1 0 0 1 
0 0 1 1 -1 
1 1 -1 1 0 
0 1 -1 1 -1 
4 0 -2 3 0 
Table 3-1. A comparison of existing technology 
against the desirable characteristics of an ideal 
solution. 
It appears that Pressure-Threshold and Thorax-Restrictive technologies have the most 
suitability compared to an ideal solution. It may be useful then to consider their major 
weaknesses and attempt to provide solutions in order to improve them. 
The key weakness of Pressure-Threshold training is that the load is fixed and does not 
allow the protocol to match the ventilatory characteristics of exercise. The ultimate 
development of this technology would therefore be the altering of the load so that it 
matched the force generating capacity of the inspiratory muscles i. e. a decaying or 
variable load. 
The Thorax-Restriction load on the other hand cannot be accurately defined without 
cumbersome additional equipment (Cline et al., 1999, inflatable vest) and this too 
maintains a relatively fixed load. A potential for the development of this technology 
would involve the grading of materials perhaps so that the load can be properly defined 
and given the function of variability. 
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In summary, the results of this comparison of the existing technologies provide a useful 
basis for the design brief for future prototype and bench technology developments. The 
development of a pressure-threshold technology and/or a thoracic restricting 
technology or a combination of the two may provide an improved solution for 
inspiratory muscle training. There remains however a gap in the data that might hinder 
the provision of the full solution. There is insufficient literature regarding the user 
requirements during dynamic loading. Chapter 1 alluded to the necessity to develop new 
methods for taking dynamic measurements and therefore to complete the design brief, 
identification of the user requirements must be completed. 
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Chapter 4 
4.0 DEFINING USER REQUIREMENTS 
4.1 User Requirements 
4.1.1 Introduction 
The aim of this chapter is to provide data most vital to the definition of a product 
design specification for an IMT device suitable for ambulatory sports training. The main 
objective in achieving this aim will be the use of experimentation to define a suitable 
dynamic resistance profile for a new IMT technology. Current techniques for 
classification of subjects are derived from static testing (e. g. most common, MIP at RV). 
Although this may be suitable for the existing training technologies that involve 
maximal or static manoeuvres, the values may not simply be extrapolated into dynamic 
situations. The critique of existing technology identifies the need for an ambulatory 
device and thus there is a requirement for the dynamic and alternative classification of 
subjects. 
A great deal can be learnt from the application of traditional methods and modification 
of these techniques may fulfil the requirements however, as previously reported (1.6 
Respiratory Measurements), a great deal of variability exists within the available 
literature regarding spirometric and particularly respiratory muscle strength 
measurements. The measurement of MIP at RV is used as a guide to respiratory muscle 
strength and is the most commonly used method of prescribing a suitable intensity for 
IMT protocols. Previously reported studies (section 1.6) show that near identical 
methods of taking MIP show a large variation in results. There are 8 papers that used 
very similar techniques (male subjects, tube mouthpiece and measurements taken at RV) 
and across a wide age range (16 - 70yrs, total 2216 subjects) the reported mean MIP is 
between 107 and 146cmH2O (lower means are observed in studies including over 50yr 
olds) with large standard deviations for each study. 
Further studies have looked at the development of pressure across a breath and have 
subsequently identified the maximal pressure across the complete lung volume profile 
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(pressure-volume profile, section 1.6). This is more relevant to the changing lung 
volume observed during exercise, however, there is a great deal of variation in breathing 
pattern between individuals and the breathing envelope will not extend to RV or TLC 
during exercise. FRC may therefore become more useful. The consideration of the FRC 
portion of a maximal pressure-volume curve however is still not indicative of dynamic 
pressure generation during exercise and it is not a fixed point. The actual levels are 
assumed to be sub-maximal and therefore the use of the FRC portion of the maximal 
pressure-volume curve might also be irrelevant as an approximation for a suitable 
dynamic resistance profile. 
Following the guidelines of Bellemare (1995) that, "it is generally recommended that 
normal standards should be established by each laboratory", studies must be designed 
for the collection of data more pertinent to the sporting population undertaking an 
ambulatory training intervention i. e. a new normal. This is not only appropriate in the 
context of the general suggestion but due to the novelty of a new dynamic application, 
more specific means of classification are necessary. 
With this in mind, it was felt that a series of normal standards within a small subject 
population should be obtained. These standards are initially based upon standard 
techniques of classification and are accompanied by alternative methods of dynamic 
testing. The reason for this is so that prescription of an ambulatory method of training 
can be specifically tailored to an individual based upon relevant dynamic measures. The 
use of a dynamic measure was considered superior as an accurate resistance for use in a 
new technology can be directly extrapolated. 
Following standard respiratory and work capacity tests the middle section of this 
chapter describes the dynamic measures undertaken. The main aim was to develop an 
alternative to the most widely used classification, of MIP at RV (respiratory strength). A 
new technique has therefore been developed, which involves the taking of repeated 
short pressure readings across an entire breath during exercise in the form of an 
oscillating valve. The section describes the design of the device itself and this is 
followed by its application within a small sample of male subjects. 
The final section of this chapter describes the measures taken to further the 
understanding of thoracic excursion during exercise. The previous literature searches 
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have uncovered a variety of technologies giving details of generalised loading and its 
placement however little work has been done to identify specification of load and the 
anatomical landmarks that would provide the most suitable locations of load. Two small 
tests were therefore completed: 1) Capturing of the displacement of the ribcage during 
breathing, and 2) Measurement of the planar force generating capabilities of the thoracic 
muscles. 
4.2 Profiling Pressure Development / Capacity at Rest 
4.2.1 Subject Recruitment 
Following approval from the Loughborough University Ethical Advisory Committee, 
20 male subjects were recruited. Of these, 9 subjects successfully completed all two 
phases of testing. The first of these involved the taking of basic spirometric and body 
dimension data as well as the completion of a maximal workload test. This was followed 
on a separate occasion by the implementation of the new technique (to be discussed). 
All subjects were between the age 18 and 26 years, were non-smokers and free from any 
respiratory disorders. Informed written consent was obtained from each subject as well 
as the completion of a medical screening questionnaire. The following table provides a 
summary of the subjects who successfully completed the study. 
Age Height Weight Body Fat 
(Years) (cm) (Kg) ON 
Mean 21.8 183.2 82.7 12.7 
SD 1.6 4.9 10.6 2.5 
Range 119.5-24.1177.6-190 69 - 98.2 1 9.5 - 17.3 
Table 4-1. Basic subject data 
Quantity and type of training, if any, was also noted for each subject. This was used 
only as an indication of the likely success of completion of the exercise tests. 
4.2.2 Phase I 
4.2.2.1 Experimental Overview 
Subjects were assessed in the Sports Technology Research Laboratory at Loughborough 
University on an individual basis and informed of the aims of the study prior to any 
participation. All subjects were naive to the measurement of respiratory variables and 
therefore careful steps were taken to explain each item of equipment and its operation. 
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A white board displaying the maximal pressure-volume curve was used to explain the 
theory of the measurements to be taken. Repeated demonstrations from the investigator 
were used to aid subjects in learning appropriate techniques for the given measures. 
A hand-held mouth pressure meter (Precision Medical) was used with a standard 
flanged mouthpiece for maximal inspiratory pressure (MIP) manoeuvres. Subjects were 
encouraged to gradually increase effort until completion of a technically correct 
manoeuvre. Subjects were then required to complete three measures within 5% of each 
other. The peak value obtained was recorded. A Superspiro (as per section 2.0 General 
Methods, Micro Medical) was used to obtain flow data including peak 
inspiratory/expiratory flow (PIF/PEF), relaxed/forced vital capacity (VC/FVC) and 
forced inspiratory/expiratory volume in 1 second (FIVI/FEVI). 
Height, mass and body composition were ascertained following the respiratory 
measurements. Body composition (% body fat) was measured using a set of Harpenden 
callipers (British Indicators). For this assessment a three-site procedure was used 
(Jackson and Pollock, 1978) and repeated until variation in measurements were less than 
5% of each other. Subjects also provided date of birth for age calculation and an 
anatomical tape was used to measure waist and forearm circumference (for the 
calculation of body composition). 
A maximal workload tolerance test was completed on the second visit to the laboratory 
on a Monark 839E computerised pendulum cycle ergometer. This process involved the 
subjects first completing a three-minute warm-up during which time they were 
habituated with the Borg scale and coached to maintain a fixed pedal frequency (the 
ergometer has the facility to maintain workload irrespective of cadence however it was 
deemed important to ensure consistency, ±5 rpm variation was permitted). 
Throughout the warm-up each subject was permitted to see their heart rate and pedal 
frequency as well as the current load (fixed at 80W for the warm-up) as a measure to 
help them understand the data to be collected. On completion of this, a period of 
stretching and mental preparation was permitted. Prior to commencement of the test 
proper, each subject's postural preferences were noted for future testing. This was done 
as a matter of convenience and to ensure that maximal levels of comfort and 
consistency were maintained. 
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The maximal tolerated workload was then determined via a continuous ramp protocol. 
The test commenced at the subjects request starting at 100W gradually increasing at 
30W min' in 1 watt increments until volitional failure. A near constant cadence was 
maintained throughout the test by verbal encouragement from the investigator, which 
was given throughout but in particular as the end of the test was reached to aid the 
subject in reaching maximal levels. The end of the test was defined by the inability to 
maintain a cadence above 60rpm During the test, heart rate via telemetry belt and built 
in ergometer receiver was recorded at 30s intervals and RPE (Rating of Perceived 
Exertion, Borg, 1971) data was recorded at minute intervals. 
4.2.2.2 Results 
All data were transferred from the data sheets to a database. The following table 
provides a summary of the 9 subjects. 
Max Workload 
FVC (I) PIF (1-s-1) FIVI (I) PEF (1-s-1) FEV1 (I) (W) 
Mean 6.12 9.12 5.62 10.78 5.02 362.8 
SD 0.74 1.63 0.84 1.04 0.38 39.4 
Range 5.18 - 7.11 6.7 - 12.09 3.86 - 6.79 9.37 - 12.4 4.52 - 5.45 290 - 430 
MIP 
(cmH2O) VC (I) 
Mean 165.33 6.24 
SD 23.88 0.77 
Range 124 - 198 5.16-7.5 
(cmH2O) VC (I) 
Mean 165.33 6.24 
SD 23.88 0.77 
Range 124 - 198 5.16-7.5 
Table 4-2. Respiratory data and maximal workload 
results 
The data is taken from only those subjects to complete a full set of experiments both at 
this stage and for the resulting dynamic testing. 
4.2.2.3 Discussion 
The basic spirometric measures taken are consistent with the predicted normal values as 
contained within the SuperSpiro (±10%). The MIP data obtained are consistent with 
many aspects of the findings of previous studies. There is however, not a large amount 
of data available specific to the limited age range used in the current study. Within this 
specific age range the reported data is comparatively higher (cf. Ringqvist 1966, Leech et 
al. 1983, Chen and Kuo 1989, and Romer and McConnell 2003), however it is supposed 
that the above average physical condition of the subjects may provide explanation. 
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Ringqvist (1966) provides the nearest mean MIP (146cmH20) and the only protocol 
difference is the use of a tube mouthpiece instead of a flanged mouthpiece as per the 
present study. 
Most importantly the data generated provides future reference for interpreting results 
achieved during Phase II. 
4.3 Profiling Pressure Development / Capacity During Exercise 
4.3.1 Oscillating Valve 
4.3.1.1 Introduction 
The aim of this study is to develop understanding of inspiratory pressure generation 
during exercise. The successful completion of this will allow the extrapolation of a 
resistance profile (pressure-volume curve) specific to the requirements of an exercising 
subject. The majority of publications refer to maximal measurements (MIP) taken at 
residual volume (RV) or the development of a maximal pressure-volume curve (section 
1.6) by sampling each volume interval as a separate manoeuvre. Whilst MIP is a suitable 
classification of subjects in terms of load intensity allocation, the maximal volume and 
pressure are however rarely utilised during submaximal levels of exercise intensity and it 
may therefore prove useful to devise a method of recording values relevant to exercise 
and the associated inspiratory efforts. This is particularly important if the possibility of 
high load specificity is to be tested. 
Hayot et aL (2000) conducted a study to compare the use of mouth pressure as a non- 
invasive alternative to the measurement of oesophageal pressure to predict the tension- 
time index of the inspiratory muscles during exercise. They provided subjects with 
either a fixed duration occlusion (150ms) supplied by an electromagnetic valve at the 
beginning of an inspiration at rest and during ramped cycling tests. This procedure only 
identified the initial inspiratory drive (PO. ) at the commencement of a breath, however 
the use of an electromagnetic valve may also be an applicable solution for the analysis of 
a full breath in this less invasive manner. If this occlusion was to be repeated at fixed 
intervals across the spontaneous breath (i. e. submaximal) at a relatively high frequency 
then the peak readings of the resulting pressure spikes would form a pressure-volume 
curve specific to that particular individual representative of the inspiratory effort of the 
110 
breath. The main consideration in achieving this solution is regarding the minimising of 
the negative effect on breathing pattern. The duration of the occlusion is critical and 
must be small so that a subject's breath is not extended but long enough to see a force 
upswing. The following section identifies the process undertaken to create a suitable 
device. 
4.3.1.2 Design and Development 
The two most obvious methods of providing a repeated occlusion are an 
electromagnetic device or a motor. The electromagnetic device utilised by Bardsley et al. 
(1992) to achieve occlusion was a solenoid and will therefore be considered. The second 
method involves the use of a motor, in which the main benefit is the ability to complete 
continual cyclic movements. Criteria must therefore be developed to select which 
method provides the most suitable solution. The following tables describe the pros and 
cons of each method. 
Solenoid 
Pros lCons 
High speed occlusion High power consumtion 
Stock item Non-cyclic 
Control of occlusion duration Additional pulse generator required 
Direct valve interface Small displacements only 
Table 4-3. Solenoid pros and cons 
Motor 
Pros Cons 
Natural cyclic action No direct valve interface 
Stock item No direct control of occlusion duration 
Low power/high load with gearing New gear set-up to change torque 
No additional hardware required Potential of stall and burnout 
Table 4-4. Motor pros and cons 
The tables provide good arguments for each device however the motor appears to 
present the simplest solution. The main benefit of using a solenoid would be the control 
over the occlusion duration. This however would be more useful in the application of a 
load and the prolonging of the occlusion. The intention is not to provide any kind of 
load per se, but to momentarily halt the breath and produce a pressure plateau or spike, 
which can be provided by the motor without the aid of a pulse generator. The motor 
permits frequency control and its cyclic action is appropriate to the repeated occlusion. 
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The key aspect to developing a successful device is the transference of this continuous 
rotation to the opening and closing of a valve. An effective design will therefore require 
the selection of a suitable motor with the correct torque and configuration. 
The following section describes the solution, which takes the form of a simple 
oscillating valve. The valve has been custom designed and manufactured and consists in 
summary of a variable, 4.5-15 volt motor coupled to a shaft via 11: 1 ratio gearbox to 
ensure high torque. This shaft supports a small egg shape cam designed to elicit a 
change of valve position of magnitude great enough to ensure resistance free airflow 
equivalent to that of a 30mm diameter aperture and occlusion. The valve itself is located 
normally to the motor shaft and spring loaded so that it can float against the cam 
interface, which is a small free rolling wheel. The tension of the spring can be adjusted 
to reduce any air leakage under occlusion. 
Spring 
Inspired air 
Tension adjust -10 
Rotating cam 
Floating valve 
The above schematic (Figure 4-1) depicts the constituent parts of the oscillating valve. 
The key design aspect is the floating valve, which overcomes the problem of occlusion 
duration by extending the contact time between valve and cam. Figure 4-2 below shows 
the finished device in CAD and manufactured form. 
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Figure 4-1. Oscillating valve schematic image 
The unit is connected to a breathing circuit via a one-way valve so that only the 
inspiratory cycle is affected by the oscillation. The valve is connected to high flow 
pneumotach and pressure transducers, and suspended in front of the subject during 
exercise (see Figure 4-3 below). 
Figure 4-3. Suspended Fleisch pneumotach and 
pressure transducer with mouthpiece attachment 
Initial tests were conducted to identify a suitable oscillation frequency. This variation 
was achieved by the varying the magnitude of the voltage supply (4.5 - 15 volts). The 
manufacturers technical specification suggested the following ratings: 
Voltage (v) 4.5 6 9 12 15 
rpm 540 718 1077 1436 1800 
Stall torque (Nm) 
( at max efficiency) 
0.723 1.079 
Table 4-5. Motor specification 
Two volunteers including the main investigator who were experienced in respiratory 
experiments used trial and error to determine a suitable valve frequency. The aim was to 
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Figure 4-2. Oscillating valve CAD image and 
completed device 
achieve relative comfort and minimise any detrimental effect upon normal breathing. 
The above voltage range was test tested and 6V was finally selected as being a good 
compromise. The rpm was tested using a secondary tachometer and rated at 
approximately 600rpm or 10Hz. The reduction in rpm compared to the manufacturers 
specification is assumed to be due to energy losses in the shaft rotation and cam/valve 
interaction. The configuration of the cam resulted in a change from the minimum valve 
airflow resistance for 50% of the breath (0.05s). It was not possible to identify the exact 
occlusion duration and during this time resistance to airflow changed as the valve 
moved to and from its seat. 
4.3.2 Phase II 
4.3.2.1 Methods 
The same 9 subjects from Phase I were recalled to complete the exercise test using the 
oscillating valve. Subjects were again assessed in the Sports Technology Research 
Laboratory at Loughborough University on an individual basis and informed of the 
aims of the study prior to any participation. All subjects were naive to the oscillating 
valve equipment and the protocol prior to arrival of the day of the test. Careful steps 
were therefore taken to explain each item of equipment and its operation. 
Each subject's cycle ergometer settings (Monark 839E) were reset as per the maximal 
workload test and time allowance was given for any minor adjustments. They were then 
given the same 3 min in which to warm up at an intensity of 80 Watts followed by a 
period of preparation and stretching as per Phase I of the testing. A further maximum 
of 3 min was allocated for this purpose. 
The workload intensity was then set at 50% of the level achieved during the maximal 
workload test (Phase 1). It was requested that the subject maintain a constant cadence 
similar to that seen in Phase I. The subject then cycled at this work rate for a total of 13 
min (3 +5+ 5). For the first 3 min, the subjects breathed spontaneously without the 
inclusion of any equipment at the mouth. At the end of this time the subjects 
maintained cycling cadence and placed the mouthpiece of the oscillating valve rig into 
the mouth. The valve was secured in the open position so that un-occluded breathing 
could take place. This status was maintained for a further 5 minutes. Following the 
completion of the first 5 min session the valve was activated after a verbal warning to 
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the exercising subject. The subject then completed a final 5 min session under the 
stimulus of oscillated breathing. On completion of the second 5 min interval the subject 
removed the mouthpiece and completed a short warm down at a reduced intensity until 
their heart rate returned to a level similar to that seen at the end of the warm-up period. 
Prior to commencement of each stage the subjects were reminded to breath as 
spontaneously as possible, i. e. subjects should not increase effort beyond normal 
inspiratory drive. 
During the test, heart rate was taken at minute intervals. Flow, tidal volume (integral of 
airflow trace) and mouth pressure were also recorded via the airflow and pressure 
transducers and data acquisition system (Biopac MP100, USA) for post analysis. All data 
were collated on spreadsheets and presented graphically to look for visual groupings or 
patterns. To compare data and identify significant differences for measures of unloaded 
and loaded data sets between subjects t-tests were also used. 
4.3.2.2 Results 
Post-hoc repeated measures t-tests (two tailed) were used to compare pairs of mean 
measures as appropriate (minutes 1&6,2&7,3&8,4&9,5&10 and also 5&6, the point at 
which the status was changed from normal to oscillated breathing). Significance levels 
were set at 0.05, however if related measures were taken, Bonferroni corrections (Fisher 
1935) were applied whereby the significance level (0.05) was divided by the number of 
related measures. The traces shown have three basic elements; the Normal plot, which 
is shown in blue, the Oscillated plot which is purple and a dotted line between minutes 
5 and 6 (identifying the point at which the status changed from normal to oscillated 
breathing). 
Heart Rate 
The main physiological response observed was a shift in the heart rate between the two 
five minute sessions (fixed valve and oscillating valve). The oscillating valve activation 
caused a significant increase (P < 0.01) in heart rate. 
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Figure 4-4. Heart rate change with oscillating valve. 
Error bars = SD 
(sign acance levels, minute 9 and 5P<0.01 and 2,3 and 4 P<0.001) 
The mean shift in heart rate is 8.8±1.05bpm (mean±SD) aggregated across all 9 
subjects. Considering this, it may be apparent that an intervention effect is present due 
to an unexpected upward drift in heart rate over the period of the test. The change 
between minutes 5 and 6 is not significant (p = 0.2) suggesting that this is indeed true. 
Brreathing Response 
Further analysis was undertaken in order to understand any altered responses to 
oscillated breathing have concentrated upon the inspired breath itself. For each subject's 
data set, inspired volume, inspired duration and breathing frequency were recorded at 
minute intervals using the mean of three breaths. This was done to highlight any 
changes in breathing pattern with the presence of an oscillating valve. The following 
graphs describe the mean traces and spread of data for each of the above-mentioned 
parameters. A Bonferroni correction has been applied due to the fact that multiple 
breathing related measures have been taken (n = 5). The significance levels have 
therefore been set at P<0.01 (0.05/5). 
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Figure 4-5. Inspiratory volume change with 
oscillating valve. Error bars = SD. 
(no significance levels, minute 5 to 6 has no change, rigni acance level P=0.49) 
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Figure 4-6. Inspiratory duration change with 
oscillating valve. Error bars = SD. 
(no significant levels including between minutes 5 and 6P=0.83 
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Figure 4-7. Breathing frequency change with 
oscillating valve. Error bars = SD. 
(significance levels, minute 1P=0.01, minutes 2,4 and 5P <_ 0.05 and minute 3P=0.06, no 
sign scant diference between minutes 5 and 6P=0.1) 
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Figure 4-8. Peak Inspiratory Flow change with 
oscillating valve. Error bars = SD. 
(sign rcance levels, minutes 1,2,4 and 5P<0.001 and minute 3P<0.0001, between minutes 5 and 
6 P<0.01) 
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Figure 4-9. Minute ventilation change with 
oscillating valve. Error bars = SD. 
(significance levels, minute 1 and 4 P<0.05, minute 2P<0.01, minute 5justfails to meet significance 
P=0.07, there is a non-significant change between minutes 5 and 6 P<0.05) 
Only PIF (Figure 4-8) demonstrated a consistent significant difference (P < 0.01), with 
the oscillating valve condition resulting in a mean increase in PIF of 1.22±0.141-s-1 
(mean±SD) across the whole range. The two plots demonstrate relatively fixed PIF 
levels throughout with a distinct shift between the mean traces with the presence of the 
oscillating valve. Breathing frequency also appears to be affected by the presence of an 
oscillating valve and the two data sets just fail to be significantly different (P<0.06) with 
the oscillating valve causing a small increase in breathing frequency. This is also 
reflected in the Minute Ventilation trace (calculated using the product of Breathing 
Frequency and Inspired Volume) P<0.05 for all time intervals except minute 3. 
Inspiratory volume and duration appear to drift throughout the testing. 
Mouth Pressure 
The purpose of the oscillating valve study was to examine the dynamic generation of 
pressure during exercise. Figure 4-10 shows an example of the profiles taken from each 
subject at 30s intervals (11 profiles per subject) during the oscillating valve section of 
the test in order to understand the mouth pressure activity. 
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Figure 4-10. Pressure profile taken from the data 
acquisition display. 
Each pressure spike is clearly visible and values obtained for this particular breath reach 
a maximum of 43.8mb. It is apparent that between oscillations the pressure does not 
return to zero, indicating a certain amount of resistance to airflow (peak = 15mb) from 
the valve in its open position. 
Using the post analysis tools within the data acquisition software (Acknowledge 3.7, 
Biopac) the peak pressure at each occlusion point was recorded as a spike value. These 
spike values were then aggregated by position number and plotted. Below is an example 
taken from one of the subjects displaying all of the problems that needed solving so that 
further comparisons could take place. The line represents the mean pressure generation 
(negative pressures displayed in positive axis) whilst the y-axis error bars are the 
standard deviation of the mean data. 
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Figure 4-11. Mean and SD for all inspirations, single 
subject. Error bars = SD 
The graph has been divided into three sections by two vertical dotted lines (A and B). 
The data to the left of line A represents a full set of data i. e. all 11 breaths are at least 
0.8s long. The middle division (between A and B) demonstrates the fact that breaths 
were of varying length however there were at least two breaths with duration of 
between 0.8 and 1.2s. The final division (1.2 to 1.7s, to the right of line B) represents 
the data from a single breath (i. e. one occurrence out of the 11 breaths). This outlier 
was present in several of the subjects and within other breaths (either side of the 30sec 
recording intervals) during the test therefore not eliminated from the data set. The 
example profile above is consistent with the other subjects in terms of the approximate 
shape. All subjects displayed a sharp increase in pressure development at the start of the 
breath followed by the gradual decay over the remainder. This decaying time and peak 
pressure varied (0.8 to 1.9s and 40.05 to 59.36mb respectively). The data was 
normalised with respect to breath duration. The pressure development and peak 
pressure position was then observed in terms of its changing profile. 
Five order polynomial functions were applied to each set of aggregated data, chosen to 
produce the greatest R2 value across all the data sets. The requirement for 5 degrees was 
due to one trace displaying multiple fluctuations. It is presumed that this was due to a 
specific reaction to the oscillating valve. The fluctuations were not so severe that further 
analysis was warranted and were not considered a potential source of error in the 
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preparation of an aggregated profile. The resulting equation can then be implemented to 
split each profile into ten, 10% divisions. 
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Figure 4-12. Trend line fitted to single subjects mean 
pressure profile. 
The above example (subject PII02) shows a typical trend line and its associated 5 order 
polynomial equation. The R2 value in this case is 0.968 suggesting a good fit. For all 9 
subjects the R2 values ranged from 0.8295 to 0.9938 with only one data set producing a 
value below 0.9. The equations were used to generate a new data set of pressure values 
at 10% breath intervals. A new plot was then produced with the 9 different pressure 
values at each of the ten intervals. 
y= 14.961x5 -174.06x4 + 523.35x3 - 632.5x2 + 294.34x + 1.3917 
: ý, R2 = 0.968 
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Figure 4-13. Mean inspiratory profile for all subjects 
aggregated data. 
A trend line was fitted to the mean of the pressure values using a3 order polynomial 
function eliciting an R2 of 0.98. The above trace shows that peak pressure will occur 
between 30 and 40% of the breath. The x-axis begins at 10% and it can be assumed that 
between 0 and 10% the pressure increases from 0mb. 
4.3.2.3 Valve Artefact Investigation 
Maximal rate of pressure generation 
Following consultation of a study conducted by Romer and McConnell (2003) it is 
believed that the spike pressures generated in the given occlusion durations 
(approximately 8ms) do not relate to normal physiological rates of pressure generation 
(peak reported 0.842cmH2O rns-1 (or 0.826mb ms-1) post IMT). To test the possibility 
that the pressure spikes achieved were not physiologically possible, repeated maximal 
inspiratory manoeuvres were carried out against the flow/pressure rig with the 
oscillating and one-way valves removed and replaced with all apertures except for the 
mouth port were occluded. A typical result is shown in Figure 4-14. 
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Figure 4-14 shows an example of maximal inspiratory effort (mid-inspiration) in order 
to aid the analysis of rate of pressure generation. The black line in the figure represents 
a highlighted area of 2ms. The pressure increase in this timescale is approximately 4mb 
equivalent to a rate of 2mb ins'. This rate is more than double that suggested by Romer 
and McConnell (2003) but this may be due to the lack of a leak in the current system 
set-up. Essentially however it does suggest that the pressure spike observed are not 
providing a pure measure of inspiratory muscle force generation during the 8ms spike 
occlusions. 
Valve itself 
It is likely that the oscillating valve has caused additional spikes within the pressure plots 
obtained by way of vibrations through the valve housing and the dead space. In order to 
evaluate the effect of the valve on the data recorded, the oscillating valve was connected 
to the pressure and airflow transducer via the inspiratory port of a one-way valve as per 
the main testing protocol. Two tests were then completed, one with the mouth port 
occluded and the second with both the mouth port and expiratory port occluded. It is 
believed that the second condition is most similar to that seen during an active 
inspiration whereby the configuration of the expiratory port results in it being forced 
closed by the inspiratory effort. 
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Figure 4-14. Maximal inspiratory effort against an 
occluded valve. 
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Figure 4-15. Operational valve with both mouth and 
expiratory port occluded (top) and mouth port only 
occluded (bottom). 
Figure 4-15 shows that the traces for both conditions are essentially the same in terms 
of pattern however the amplitude is different. With the mouth port occluded (Figure 4- 
15, bottom) the magnitude of negative pressure generated is in the region of 4mb. This 
is consistent across a prolonged (60s) acquisition. The magnitude is greater during the 
fully occluded condition, approximately 7mb. 
The plots show that valve appears to be generating pressure in the absence of any 
inspiratory effort. This pressure generation is also accompanied by a `ringing', whereby 
the initial negative pressure spike is followed by a damped oscillation. It is highly likely 
that this is due to vibrations generated by the occluding valve. The initial spike is 
believed to be due to the valve travel whereby its linear movement is causing an 
expansion of the rig dead space volume. 
During an inspiration it is believed that a similar phenomena is occurring. Inspiratory 
effort causes the occlusion to the expiratory port and the thoracic cavity acts as an 
extension to the rig dead space but still in an occluded state i. e. not open to ambient air 
pressure. It is however, also likely that the inclusion of the thoracic cavity space causes a 
further alteration to this additional pressure generation. 
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It is clear that further analysis is necessary, as the above 7mb valve contribution still 
does not explain the magnitude of the unexpectedly high-pressure spikes observed 
during spontaneous inspirations during exercise. 
The logical next step is to monitor the oscillating valve characteristics in the absence of 
any occlusion including that provided by the thoracic cavity. This was achieved by 
attaching the full set-up to a flow generator. The generator was configured to provide 
an equilibrium whereby the valve could continually oscillate (600rpm) without stalling 
the inspiratory flow of the generator. 
Figure 4-16 shows the profiles obtained. The two plots displayed are airflow (top, red) 
and pressure (bottom, blue). To aid the analysis, three dashed-lines have been added at 
three obvious key changes in the pressure plot. The first of these, A, represents an initial 
negative peak in the pressure plot, B represents the major negative pressure spike and C 
marks the point of lowest pressure. 
It seems that the anomalies seen during the normal inspiration are not present i. e. any 
`ringing' effects. This is likely to be due to the fact that the size of the chamber is 
essentially infinitely large i. e. there are no reactive elastic elements at the mouth port. 
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Figure 4-16. Constant flow occlusion pattern of 
oscillating valve. 
The values are higher than would be expected due to the fact that the flow generator 
required a relatively high voltage to eliminate stalling during the occlusions (the valve 
was tested at various constant flow rates with no change to the results other than 
magnitude). The interpretation of these points on the plots are as follows: Firstly 
considering, A, it seems that this minimum level of negative pressure generation relates 
to the lower recorded flow rate, however the intersection is slightly to the left of the 
minimum flow level. It is the belief of the author that this point represents the point of 
minimal occlusion whereby the resistance to airflow is at its lowest point within the 
oscillating valve cycle. 
With regards to lines B and C, it seems that they intersect the airflow trace at 
approximately the same level either side of the peak negative flow. If the valve 
functionality is carefully considered, it is believed that these spikes can be explained. 
Due to the floating nature of the valve there are in fact two stages of an occlusion in 
each cycle. The first occurs at the point of first contact when the rotating cam pushes 
the valve onto the interface of the floating element. The second is caused during the 
compression of the valve elements. The relative magnitude of the pressure spikes may 
therefore relate to the amount of resistance to airflow at each of these stages. 
To further test this theory the valve assembly was connected via the mouth port to a 31 
calibration syringe. The resulting traces are shown in Figure 4-17. 
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Figure 4-17. Syringe draw occlusion pattern of 
oscillating valve. 
As per Figure 4-16 it seems that the valve artefacts seen during the normal inspiration 
are again not present i. e. any `ringing' effects. This is likely to be due to the fact that the 
size of the chamber is again essentially infinitely large i. e. there are no reactive elastic 
elements at the mouth port and the draw of the syringe exhausts to atmosphere. The 
values are higher than would be expected due to the fact that the syringe was drawn by 
hand, involving the stronger arm muscles. 
Although a similar pattern to that produced in Figure 4-16 is seen, there seems to have 
been a slight shift in the location of the three point positions. The interpretation of the 
three points on the plots are as follows: Firstly, the minimum pressure value at A no 
longer matches up with the lowest point of flow generation as per Figure 4-16 but 
instead at a point of inflexion where the rate of change in airflow (negative to positive) 
increases. This may be a consequence of the relatively higher flows used in the flow 
generator testing procedure. It remains the belief of the author that this point represents 
the point of minimal occlusion whereby the resistance to airflow is at its lowest point 
within the oscillating valve cycle. 
Secondly, the two negative pressure spikes (B and C) occur either side of the peak 
inspiratory airflow in similar positions the constant flow test. These plots do not change 
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the belief that these spikes are due to the floating nature of the valve causing two stages 
of an occlusion in each cycle, at the point of first contact when the rotating cam pushes 
the valve onto the interface of the floating element and during the compression of the 
valve elements. The relative magnitude of the pressure spikes may therefore relate to the 
amount of resistance to airflow at each of these stages. The shift compared to the 
constant flow generated spikes is believed to be due to the nature of the draw of the 
syringe. This was kept constant as possible however it is likely that the force production 
changed across the draw. The key conclusion to take from this test is that the pressure 
profile geometry is relatively unchanged. 
The final analysis is a referral back to the human generated plots. Figure 4-18 shows an 
equivalent view of selected consecutive occlusions during an inspiration. 
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Figure 4-18.1 luman inspiration occlusion pattern of 
oscillating valve. 
The plot generated by a spontaneous inspiration displays a combination of the 
previously shown pressure profiles (Figures 4-16 and 4-17) and the valve characteristic 
as shown in Figure 4-15. The magnitude of the valve characteristic is however far 
greater. The same basic pattern remains in that there appears to be a two-stage negative 
pressure production (lines B and C). The dashed line intersection points for B and C are 
similar to those shown during the syringe generated plot. The dashed line A has been 
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positioned in the same equivalent point (as per syringe plot). The interpretation of the 
position of this point is made more difficult by the apparent `ringing' following the 
major negative pressure spike. 
The main conclusion to be taken from the above analysis is that the valve cannot be 
held completely responsible for the large pressure spikes and the human element i. e. 
inspiratory effort, must therefore be contributing to their magnitude. It is not possible 
to define this contribution completely as it is not known what the effect of the thoracic 
cavity has upon the noticed anomaly. 
The profile obtained is somewhat difficult to interpret as the magnitude of the spikes 
obtained during the occlusion represent a pressure greater than that obtainable by 
inspiratory muscle contraction alone. This is reflected by Po. l values as compared to the 
data produced by Hayot et al. (2000). They reported P01 values of 16.3±5.2cmH2O 
(mean±SD) at maximal workload and 5.4±2.3cmH2O at 50% maximal workload 
whereas the aggregated plot (Figure 4-13) suggests an equivalent Pol of approximately 
30cmH2O (50% maximal workload). It should be noted that the maximal workloads 
attained are somewhat lower in the Hayot et al. (2000) study (184±50W) compared to 
those achieved in the current study (348±77W) however the magnitude of the 
equivalent Po. l in the current study is still not believed to be due to the comparatively 
higher workload capabilities. Thus, the profile does not represent the dynamic force 
generating capacity of the inspiratory muscles nor the true magnitude of inspiratory 
effort throughout an inspiration. However, the shape of the profile i. e. the relative 
magnitude of the spikes obtained at different phases of the inspiration, is still of interest. 
Predominantly this is because the only changing factor in the system over time is the 
human therefore relative changes should be due to changes in drive or actual 
pressure/force generation. 
Furthermore, it is relevant to note the similarities between the decaying profiles 
obtained during the current investigation with the maximal pressure-volume profile as 
reported by previous researchers such as examples previously shown. In particular, the 
rate of decay in pressure generated towards the end of an inspiration is similar under 
both conditions. The main difference observed with the oscillating valve is that the peak 
pressure generated is shifted towards the middle portion of an inspiration. The reason 
for this shift may be due to the inspiratory drive characteristics of spontaneous 
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breathing, or the interaction of flow related resistance, which are not taken into 
consideration during the existing static training procedures. However, without further 
investigation it is difficult to fully interpret the functional relevance of the data obtained. 
Essentially, the functionality of the applied valve does not lend itself to the simple 
interpretation of the data. The data does however give a useful indication as to the 
initial objective of the testing. The main aim of the study was to plot the geometric 
profile of pressure generation during an inspiration. It is acknowledged that the specific 
values are not an accurate representation but the basic shape still presents an 
opportunity to further understand the pressure profile geometry during a dynamic 
inspiration. The oscillating valve rig described provides a novel way of interrupting the 
inspiratory phase of breathing during exercise in order to explore the dynamic force 
generating capacity of the inspiratory muscles. There are limitations with the current 
system that make it difficult to fully interpret the force profiles obtained. However, with 
refinement of the existing rig and protocol it should be possible to determine an 
appropriate decaying load profile for use with suitable IMT technologies. 
4.3.2.4 Discussion 
The main purpose of the implementation of an oscillating valve upon exercising 
subjects was to examine the pressure generation during a dynamic inspiration. The 
resulting curve was hoped to provide the basis of the specification of a dynamic load in 
future ambulatory IMT technologies. 
The aim of the oscillating valve was not to act as an IMT device producing a load upon 
the breathing per se, however the increase in heart rate compared to normal breathing 
through the rig suggests that additional work was taking place. This may however be 
due to a constant upward drift caused by the order effect. Consideration of the plot as a 
whole supports this theory. Analysis of the inspiratory duration, volume and the 
breathing frequency do not show any significant changes to the breathing pattern with 
the presence of the oscillating valve. This change in heart rate might not therefore, be a 
result of changes in cardiovascular interactions or the result of anxiety, but indeed an 
additional work of breathing. The additional work may be a result of the generation of 
the significantly higher peak flows during inspiration. This is sensible, as although 
occlusions are taking place during the breath and the expectation would be for breath 
duration to increase, the duration remains essentially unchanged. These comments may 
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be an over speculation however for future reference the ability to increase work using 
this method might be useful in technology development. 
In fulfilling the aim of the study, the final aggregated pressure profile gives an 
approximation to the baseline rate of pressure generation during dynamic inspirations 
and exercise. This profile is consistent in shape with the maximum pressure-volume 
curve generated by other researchers (Ringqvist 1966 and Rahn et a, 1946). Although 
the values seen were not maximal, there is still an early peak in pressure generation 
followed by a gradual decay throughout the remainder of the breath. The intensity of an 
applied load would therefore be between this generated baseline profile and the 
maximal, static profile presented by other researchers. 
In order to choose a loading profile most suitable for future technologies the profile 
generated can be compared to previously published equations and pressure-volume 
curves such as Ringqvist (1966) and Rahn et al. (1946). To achieve this, the mean data 
for both vital capacity (6.2±0.81 - Phase I) and tidal volume (3.4±0.71 - during valve 
presence, 3.57±0.691 - during valve absence) obtained from the oscillating valve 
subjects are used to represent a sample male subject. The reason for this is that the 
published equations refer to pressures developed across vital capacity (VC) or total lung 
capacity (TLC) rather than the tidal volume (VT) as in the oscillating valve test. In order 
to place the oscillating valve curve as a portion of the complete maximal curves various 
assumptions must be made. These are the position of RV relative to TLC for the 
determination of VC and the relative position of VT within VC. 
Firstly, the ratio of VT /VC must be calculated, which for the given values is either 55% 
or 58% respectively. For the purpose of the profile allocation 55% (44% TLC) will be 
used based on the fact that similar tidal volumes may be seen in the presence of future 
loading technologies. To estimate VT position relative to VC, data published by 
McClaran et al. (1999) were consulted. This study explored the role of expiratory flow 
limitation in determining lung volumes and ventilation during exercise. Part of this 
study refers to a mean maximal flow volume loop for 6 male cyclists. Since this group is 
in principle very similar to the current study group it was assumed that the flow-volume 
loop developed would be similar. In this case mean flow volume loops generated whilst 
breathing either N202 or He02 during rest, moderate exercise (74%VO2max), near 
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maximal exercise (94% VOZmax ) and maximal exercise with and without added dead 
space are given compared to the maximal flow volume loop. Using the plots developed 
during moderate intensity as per the current study characteristics, the VT position with 
respect to VC is at the midpoint (HeOl or very close to the midpoint with a very slight 
shift (approximately 0.051) towards the right (N2O2). For the current calculations it will 
therefore be assumed that the VT will occur towards the middle portion of the VC, i. e. 
between 40 and 85% TLC. 
Various publications refer to the RV/TLC including Ringqvist (1966) who also lists 
several others. The mean ratio reported by Ringqvist (1966) from a study of 9 subjects 
(4 female, 5 males, 24 - 35yrs) was 21%. The ratios listed (Ringqvist, 1966) for other 
authors are 24% (Agostoni and Fenn, 1960), 22% (Craig, 1960), 28% (Rahn et al., 1946) 
and 22% (Rohrer, 1916). For the purpose of the profile positioning an approximate mid 
value will be used of 25%. 
The three equations (Rahn et al., (1946) Ringqvist (1966) and that generated by the 
oscillating valve test) produce the following curves with respect to the mean subject 
data entered. 
y= -0.2923x + 46.351 Pressure/Volume y= -0.9x + 128.2 
R2 = 0.2345 equation comparison R2 = 0.9519 
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Figure 4-19. Graph showing three pressure-volume 
plots. Plots are generated using mean sample subject 
data. 
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(Trend lines are fitted to Oscillating valve test data (Osc Test) and Ringvist (1966). Osc Test and 
Ringgvist have been fatted with a linear trend line between 40 and 85% TLC. The two equations are 
for these trendlines. ) 
The plots generated (Figure 4-19) by Ringqvist (1966) and Rahn et al. (1946) are very 
similar in shape in the percentage TLC range relevant to the Osc Test plot. Of these 
two the Ringqvist (1966) data is closest displaying the same gradual increase towards the 
beginning of the breath followed by a decay approaching linearity following this peak. 
The Rahn et aL (1946) plot displays approximate linearity throughout. Due to these 
similarities, a linear trend line has been fitted to this portion of the Ringqvist (1966) 
plot. To extract the rate of decay, the plot equation must be referred to. The equation 
displayed to the right hand side of the plot title represents this decaying line. It is in the 
format of y= mx +c as per any linear plot. In this equation, c is the equivalent 
intersection point on the y-axis but more importantly m is the gradient or rate of decay 
of the line. For this equation a rate of decay of -0.9mb "1-1 is observed. 
The same treatment has also been completed on the oscillating valve plot as per Figure 
4-19 (left hand equation), assuming that a linear decay would also be suitable for future 
loading profiles. In this case a rate of -0.3mb "1-' is observed. This equation produces a 
low correlation coefficient (R2 = 0.2345) however the fact that this profile was 
generated without the requirement to develop high force may prove that following a 
linear decay would indeed be more suitable i. e. it may be sensible to achieve a 
compromise between the linear pressure capacity plot and the rolling plot of inspiratory 
drive. There is a large difference between the rates of dynamic pressure (as a result of 
inspiratory drive) and maximal static capacity generation (-0.3mb "1.1 vs. -0.9mb 11 
respectively). Without further testing it would be unwise to presume that this plot is the 
most suitable rate of decay for the loading technology however the elimination of this 
profile by means of human testing is believed by the author to be important. Thus it has 
been decided that initial loading profiles should follow a linear rate of decay of 
approximately -0.3mb "P (0.2923 rounded to 1 decimal place). If this choice does not 
prove appropriate in bench testing or implementation then recommendations should 
include the possibility of testing either a linear decay of -0.9 or the specific profile as 
generated by the oscillating valve. 
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4.4 Profiling the Thorax 
4.4.1 Introduction 
To load exercising respiratory muscles requires resistance to the dynamic parameters 
present. Most commonly the dynamic parameter that receives attention is the airflow in 
and out of the lungs via the mouth (flow-resistive, pressure-threshold and hyperpnoea 
training). These technologies provide load to the mechanisms (diaphragm, intercostal 
and accessory muscles) that generate the airflow by requiring increases in mouth 
pressure development or in the case of hyperpnoea, increasing minute ventilation, 
which also requires equipment at the mouth. It is important to note however, that the 
flow of air at the mouth is not the only dynamic variable during exercise with respect to 
breathing. 
Significant displacement of the ribcage can also be observed, a characteristic targeted by 
thorax restrictive training methods such as the latex band (Furian et al, 1998), which has 
an unspecified load and the pneumatic pressure corset (Cline et al., 1999) which does 
have a quantifiable and variable load (0,27,54 and 82 cmH2O are loads specifically used 
in their study). This however, is constant across the interface where in fact the load may 
need to be varied across the thorax. The definition of the specific load range does not 
appear to be an extrapolation from the thoracic force generating capabilities of the 
subjects and there is no mention of the process of load specification. A method of 
recording thoracic force-generating capability is thus required. 
A key factor in this ineffective load specification is possibly the limited availability of 
literature on the magnitude of thoracic displacement. Over the past two decades the 
analysis of the thorax in the medical field has been through 2D or 3D image generation 
employing expensive x-ray machines to produce slice images for volume calculations 
and disease diagnosis. Methods such as computational tomography (Cl) and helical 
computational tomography (HCT) provide highly accurate images of the thorax and the 
organs it contains (Ferretti et al., 2001 and Ravenel et al., 2001). These can be rendered 
using CAD software. Whilst these images are accurate representations, they are acquired 
during a single-breath hold in the supine position and subsequently do not recreate 
dynamic changes in the thorax. 
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Inductance plethysmography (e. g. Respitrace, Ambulatory Monitoring, NY, USA) and 
magnetometer coils are simpler technologies based on a technique developed by Konno 
and Mead (1967) to measure dynamic excursions of the trunk by measuring the 
changing signal generated by moving an element relative to or extending a coil of wire. 
These excursions are generally used to non-invasively calculate relative volume changes. 
Konno and Mead's (1967) method involved the use of linear differential transducers 
connected normally to the chest wall at only single points via a pulley system. 
Inductance plethysmography and magnetometer coils provide a slightly improved 
method of measuring thoracic excursion by using belts to measure linear circumferential 
changes of the thorax (normally used to calculate volume) thus including the 
contribution within a complete plane (Banzett et al., 1995). These methods however 
consider the excursion in a single axis or plane and do not allow for the measurement of 
vector displacement. 
Recent advances in 3D optical analysis have, however, permitted more sophisticated 
measurements to be made. One particular method using normal video cameras to 
calculate lung volume changes has been published (Ferrigno et al, 1994 and Camevali et 
at, 1996). These studies describe the development of the system, which involves passive 
reflective markers being positioned around a subject's thorax. Four TV camera's images 
are transmitted to motion analyses computer software that records the three- 
dimensional coordinates of the markers and hence their vector displacement. These 
displacements and coordinates are fed into a specially designed model representing the 
upper thorax, lower thorax and abdomen to produce volume measurements only. 
Unfortunately the relevant displacements cannot be extrapolated from the publication 
although it is assumed that this technique is indeed capable of providing such data. A 
further limitation of this technique as far as the current requirements go, is the lack of 
relativity between markers. The model is required to predict their interaction, which 
may not be accurate for different inspiratory manoeuvres. 
Thoracic movement is both complex and subtle, perhaps the reason why limited 
literature exists regarding specific thoracic excursion (magnitude of displacement) and 
loading data. The purpose of the first part of this investigation is therefore to record 
this movement in terms of its magnitude. A 3D motion capture system is employed to 
generate this data. The second phase of thoracic testing aims to understand the force- 
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generating capabilities of inspiratory muscles at the thorax surface. This involves the 
application of a specially built strain belt to record strain/force values around the 
circumference of the thorax at different lung volumes and locations. These data can 
then be used to prescribe a specific thoracic load and, if necessary, any pertinent 
locations of that load. 
4.4.2 Thoracic Excursion 
4.4.2.1 Introduction 
A new method of recording thoracic excursion is required. Access has been granted to 
an infrared 3D motion analyses system (CODA, Charnwood Dynamics, UK) that 
provides the functionality of all of the described technologies (volume change, single 
point vector excursion and circumferential change) without the need of secondary 
software or thoracic models. The following sections will therefore explore the use of 
CODA to plot thoracic excursion. 
4.4.2.2 Method 
The chosen method employed the CODA 3D motion analysis system and involved two 
methods to aid the mapping and acquisition of up to 16 points on one half of the 
thorax (it is assumed that for simplicity that thoracic displacement and force generating 
capabilities are symmetrical through the sagittal plane). Method 1 provides an overall 
observation of thoracic movement, capturing the changes at key thoracic landmarks. 
Method 2 is a more detailed look at this movement using vertical strip sections at fixed 
intervals around the same thoracic envelope. This information is viewed both 
graphically and in the form of animated playback for descriptive purposes. 
The CODA system was set-up with the two cameras at 90 degrees to one another 
focussed on a fixed vertical post. On this post two location points were marked with 
location cups corresponding to the subject's head and lower back. For a full description 
of this CODA set-up refer to Chapter 2.0, General Methods. 
Two general methods were implemented to provide information on thoracic 
displacement as a whole and also to generate accurate displacement data using an array 
of points. In the fixed position the subject completed repeated forced vital capacity 
(VC) manoeuvres to produce all data. The first method used all 16 available infrared 
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markers placed around one half of the thorax at key anatomical landmarks onto a 
Lycra' vest to minimise marker placement error and to ensure repeatability. The second 
method employed individual strip sections placed evenly around the thorax. The 
sections were placed 20mm apart and consisted of vertical lines of markers, spaced 
40mm apart. Markers were placed at the sternum tip, the neck (highest palpable 
vertebrae) and at the clavicle /shoulder joint as reference geometry to aid post analysis. 
Figure 4-20 shows the vest and markers in position. 
The view seen on the CODA display (Figure 4-20, far right) has been manipulated to 
form a cloud of points into mesh form. The numbers are the location of each 
anatomical landmark. Those that are key are: 1- Top of sternum; 2- Middle of sternum; 
3- Xiphoid process; 4- Umbilicus; 5- Acromion process; 6- Nipple; 3/8/10/13/16 - 
Lowest rib; and 15 - Scapula base. The near vertical white line (linking marker 14 to 16) 
approximately represents the subject's spine. The diamond shaped `hole' is where the 
arm/shoulder interface occurs. The resulting motion is plotted by CODA for further 
analysis. The variables recorded are the displacements along x, y and z-axis as well as 
vector displacements of each marker so that an accurate map of the changing envelope 
can be produced. 
4.4.2.3 Participant Details 
A male subject was used for the experiment age 25, mass 87kg, height 1.82m, FVC 
5.751, PIF 10.31 s-' and PEF 11.51 s-' so that suitable approximations could be made. 
The subject was well experienced in completing spirometric manoeuvres and well 
trained in terms of the requirements of the experiment. 
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Figure 4-20. CODA markcrs and mcsh display 
4.4.2.4 Results 
The first analysis is of the complete mesh, considering the changes in all three axes (x, y 
and z) separately and their resulting displacement between a minimum (RV) and 
maximum (TLC) image. 
(a) ýý lc) 
Figure 4-21. Alternative plane views ((a) coronal 
plane, (b) axial plane and (c) sagittal plane) of 
changed CODA marker positions (bright view @ RV, 
dim view @ TLC) 
The above diagrams (Figure 4-21) show three superimposed images of thorax position 
at RV and TLC highlighting the overall excursion of the thorax. Diagram (a) shows the 
view of the half thorax along the y-axis (intersecting the coronal plane) providing detail 
of the movement in the x (horizontal) and z (vertical) direction. The most significant 
movement on inspection of this diagram is at the shoulder (top-right) and in the z 
direction. The green lines within the mesh representing the front of the thorax have also 
shifted in the positive z direction. Diagram (b) is a view along the spine (z-axis), the 
point at which the two white lines intersect identifies the top of the spine. This shift is 
similarly shown on diagram (c) looking along the x-axis (intersecting the sagittal plane) 
however this movement is accompanied by a change in the y-axis (left to right). This 
can be confirmed on inspection of diagram (b), a view into the transverse plane, by the 
changing vertical dimension (y-axis). Changes in the x-axis are not obvious on 
inspection of these diagrams. 
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The peak displacements in each axis are; for the x-axis, -30mm at point 5 (clavicle- 
shoulder joint); for the y-axis, -40mm at point 5; and for the z-axis, '--50mm at point 2 
(mid sternum). Analysis of the vector displacement of each point shows that a 
maximum overall displacement occurs at marker 2 (mid sternum). The following figures 
are the graphs generated by the marker in question to describe the changing velocity 
and displacement. 
Considering the complete thoracic movement, it is therefore apparent that from RV to 
TLC the thoracic cage expands forwards and upward, accompanied by lateral expansion 
on both sides. There is limited movement at the back of the subject's thorax. 
o. 
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Figure 4-22. Changing velocity vector during VC 
manoeuvre 
Figure 4-22 shows the resultant magnitude of vector velocity (3D speed, including x, y 
and z elements) of marker 2 (mid sternum). The first peak represents the beginning of 
the expiratory phase at a maximum velocity of 0.139m -s 1. Following the peak the 
velocity drops off but remains above zero until a sharp rise at the commencement of 
the inspiration. Peak velocity of the marker during inspiration is 0.144m s-'. 
The corresponding magnitude of acceleration in 3 dimensions can be extrapolated from 
the rising edge of each corresponding peak of the velocity plot and is also displayed by 
CODA as a separate plot (not shown). The peak accelerations are 1.702m"s 2 and 
1.21m"s for expiration and inspiration respectively. Z 
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Displacement is represented in all three axes individually, as well as in relation to a fixed 
point. This point is defined by a virtual marker positioned at Marker 2 coordinates 
before the commencement of an inspiration. The separation is then plotted against time 
(over a 6s capture). The displacement in x, y and z is consistent however the magnitude 
varies a great deal. The marker moves 12.44mm in x, 36.06mm in y and 49.16mm in z. 
These dimensions are between maximum and minimum peaks. The resulting 
displacement can be calculated using circular trigonometry (a2 = b2 + c2 + d2) or as 
previously mentioned with the aid of a virtual marker in CODA. 
62.0 
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Figure 4-23. Changing displacement during VC 
manoeuvre 
The overall magnitude of the displacement defined by the changing separation between 
the fixed point (virtual marker) and marker 2 was 61.25mm as shown by Figure 4-23. 
This figure demonstrates the process used to generate the maximal displacement 
whereby at time =0 the subject fully exhaled to RV before completing a maximal 
inspiration occurring at approximately 4s. The mean overall displacement for all points 
is -40mm (SD -16mm). 
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Figure 4-24. Surface graph demonstrating marker 
displacement around thorax. 
Investigation of the individual section data allows a more detailed consideration of total 
excursion. Taking each vector displacement and plotting it as a normal value against a 
fixed plane permitted Figure 4-24 to be generated. The figure is equivalent to an 
approximate net form of one half of the thorax. Each section has been orientated so 
that adjacent markers on the vest are represented correctly on the image. 
The displacement is symbolised as a changing colour scale. The smaller values (0 - 
10mm) are shown in blue and at the other end of the scale (55 - 60mm) in red. Using 
this scale, the greatest consistent displacement is seen at the front of the thorax around 
the area covered by the pectoral muscles. The magnitude gradually reduces, moving 
around the thorax, to the minimum values at the spine. The major gap in the data set is 
where the arm did not allow the positioning of markers. 
4.4.2.5 Discussion 
The aim of the study was to aid understanding of thoracic movement during breathing 
(VC manoeuvre) so that future product specifications can be completed. The thoracic 
displacement is common with that described in textbook publications in that the ribs 
swing up and out like the motion of a bucket handle in the lateral plane or similar to a 
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pump handle along the median plane. The textbooks do not however define the relative 
magnitude of either of these directions, for example the current experiment suggests 
that the majority of the changes in the thorax occur in the median (pump handle) plane 
and in fact the lateral changes in thoracic dimension are far less substantial. 
Analysis of each point has identified the upper, front section of the thorax as having the 
greatest vector displacement during the maximal VC manoeuvre. The plots refer to a 
single point positioned at the mid sternum however this provides a useful indication of 
the area surrounding that point. The first of these plots shown are for velocity and 
acceleration peaks, which due to the nature of the test are not maximal. The subject was 
instructed to complete a maximal VC manoeuvre in an attempt to ensure the full lung 
volume and thoracic displacement was utilised. An FVC manoeuvre, which would have 
identified true peak velocity and acceleration, was not considered suitable due to the 
importance of maintaining a fixed upright position (practical tests demonstrated a 
detrimental affect upon data capture). A useful future development of this technique 
might be to consider both FVC and spontaneous excursions. The traces do however 
provide some insight into what would be expected, with a relatively higher peak velocity 
during inspiration, the active element of a VC manoeuvre. The acceleration trace shows 
a higher value during the expiratory phase, which is caused by the high initial elastic 
recoil of the thoracic and lung tissues and structures. 
The displacement values (marker 2) in the three dimensions are geometrically similar as 
would be expected but over very different magnitudes. The major displacement of this 
marker describes a lifting up and out as per the earlier pump-handle description. Within 
this movement the major element is in the z-axis (vertical). This marker is positioned 
along the centre line (sagittal plane intersection) and it would therefore be assumed that 
no movement in the x-axis would take place. This however is not the case as a 12.44mm 
displacement is seen. This can be explained by a slight error in marker position causing 
an offset from sagittal plane probably caused by the Lycra vest slipping during the 
manoeuvre. Whilst any slipping present may not be totally to blame for the 
displacement, any offsetting would be amplified by the increasing x-axis displacement 
away from the sagittal plane. 
Of the measurements taken, the section data is probably the most useful in prescribing 
suitable load location in thoracic resistive technologies. It is clear from Figure 4-24 
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(surface graph) that isolation of specific areas is necessary if an accurate loading 
technology is to be developed. The majority and most significant displacements occur at 
the front of the thorax gradually reducing around the girth to minimum values close to 
the spine. This is expected due to the close proximity of the rib/spine fulcrum and 
lower relative movement. The peak displacement for this subject is approximately 
60mm over the pectoral area. This data does provide a useful insight into the varying 
displacement across the whole of the thorax. From this data it is clear that future 
prescription of load should be in terms of a specific location and the splitting of the 
thorax into sections may be more useful for the successful development of a thoracic 
training device rather than treating the thorax as a whole. 
4.4.2.6 Potential Limitations 
Whilst the capture of the thoracic displacement has been successful, it is also admitted 
that there are limitations compared to using a larger population. Data is likely to have 
changed with the inclusion of additional subjects of varying sex, age and race. Steps 
were taken to achieve consistency between breaths and to minimise any potential error, 
however there may be intra subject variations. Coaching was given to encourage a full 
manoeuvre and rest periods were permitted between each effort to minimise fatigue and 
any variation. If this procedure had employed a larger sample population it would have 
remained difficult to minimise inter subject variability due to changing postures during 
capture. Indeed it is also acknowledged that the specific data would be affected by 
considering spontaneous breathing or a change in posture as required when exercising 
e. g. hunched forward during cycling, or more detrimentally, the moving arms during 
running. The data presented however was captured using a manoeuvre and posture 
considered to produce the greatest displacements. Any modifications to this would 
simply reduce the magnitude of the values and not affect the specification of a training 
device. 
4.4.3 Thoracic Force Generation 
4.4.3.1 Introduction 
The aim of this experiment is to improve the understanding of the ability of the 
respiratory muscles to generate force at the periphery of the thorax. The production of 
a graph similar to that of the pressure-volume curve in the form of a force-volume 
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curve would have great benefits in the prescription of a load to the expanding thorax. It 
is assumed that the profile will indeed have much similarity to the reported pressure- 
volume curve (1.6 Respiratory Measurements) and length/tension relationship 
demonstrated by standard spirometric manoeuvres however this does not provide any 
indication of the magnitude of the forces present. 
4.4.3.2 Method 
Ideally, the principles used during the dynamic implementation of the oscillating valve 
would have been used, however a dynamic measurement was not possible with the 
equipment available to the project. To overcome this, isometric readings were obtained 
through evenly spaced volumes from RV to TL. By breathing in against an inelastic 
band fitted with a 120ohm single field strain gauge, peak isometric forces where 
obtained at differing ventilations and sections around the thorax. The isometric values 
recorded are plotted as a graph of force over lung volume/circumference to provide 
pseudo dynamic curves. 
A male subject (age 25, mass 87kg, height 181.5cm, FVC 5.751, PIF 10.31 -s-', PEF 
11.51 s"1 and MIP 165cmH20) was used to produce initial findings so that decisions 
could be made as to the usefulness of a more in depth study. 
The subject was fitted with a specially designed belt so that tensile force developed 
during inspiration could be recorded. The belt consisted an adjustable length of 20mm 
wide webbing to allow various circumferences to test against with a preformed steel 
plate looped into the two ends. The preformed steel plate provided mounting for a 
simple strain gauge, which was bonded to it. The preformed shape of the plate was 
designed to provide a reading in pure tension along a single axis with minimised 
bending errors. The strain gauge was connected to a digital charge amplifier (Tinsley) in 
a Wheatstone bridge arrangement providing suitable strain readouts for conversion to 
Newtons (N). See the following Figure 4-25 for complete set-up (See Chapter 2.0, 
General Methods for calibration and further description). 
145 
iG 
Strain Amplifier 
Wit 
Adjustable Chest Band 
now 
Figure 4-25. Strain belt and fitting 
The belt was positioned at the point identified as having the greatest mean displacement 
(as per section data, in line with the nipples, slightly above the xyphoid process). The 
reason for this was that the full range of force production would be seen. The subject 
then completed a vital capacity manoeuvre against the belt with the adjustment device 
unlocked. This enabled circumference measurements to be taken at RV and TLC. Two 
intermediate points were then identified so that a profile of the force generating capacity 
across the breath could be recorded. The forces achieved at these lung volumes were via 
a `tight' fit whereby the belt did not slip from its position nor did it alter the 
compression on the chest wall. At each of these points the subject was encouraged to 
complete a forced isometric contraction of the inspiratory muscles. The subject was 
instructed to maintain an open glottis during the manoeuvre and to minimise muscular 
assistance from non-respiratory muscles i. e. the latissimus dorsi and pectoral muscles. 
This manoeuvre was repeated until three values within ±5% were achieved. 
4.4.3.3 Results 
The results of repeated tests provide an insight into the shape of the force profile 
produced at the thorax cage during different circumferential displacements. The 
following plot shows four points between RV (940mm) and TLC (-'1015mm). 
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Figure 4-26. Results of thoracic force production 
against strain belt 
Very small variation in the results was achieved hence the omission of error bars. 
Maximum force is generated at RV and approximately 90N is developed. As the thorax 
is contracted and air fills the lungs, the ability to generate force is reduced until TLC 
(1015mm) where no force can be generated. The result approximates a linear decaying 
profile. 
4.4.3.4 Discussion 
The experiment successfully identifies an approximation to the shape of the force- 
volume profile during an inspiration. As expected there are similarities between this 
profile and the pressure-volume curve generated from isometric MIP manoeuvres at 
different volumes. The curve produced here appears to have a near linear decay. 
The main limitation of this data is that a maximal static contraction at different lung 
volumes may not be representative of dynamic force generating capabilities. Further 
analysis of the curve may however alleviate this concern. A similar method as employed 
to define the loading profile following the oscillating valve test could be used. The 
thoracic force-generating curve produced approaches linearity and it may therefore be 
useful to compare the gradients produced here with that of the oscillating valve profile. 
Figure 4-27 shows the amended plot. 
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Figure 4-27. Linear approximation of thoracic force 
generation 
The gradient in this case is -1.2N mm 
1 (-1.2253 to 1 decimal place), which is a steeper 
rate of decay compared to the -0.9mb "1-1 seen during the analysis of the maximal 
pressure/volume plots. This is not a huge deviation and the difference is probably due 
to the use of a single subject only. It should also be noted that there might be 
inconsistencies when comparing a volume change with a linear displacement particularly 
due to the fact that the contribution of the diaphragm is not quantified. It is believed, 
however, that the changes should still be relative considering the fact that the muscle 
activation during the manoeuvre permits the measurements to be taken over the same 
range (RV to TLC). Further experimentation would be able to confirm this however it 
is not felt necessary. Designs should be developed that provide the option of linear 
and/or curvilinear decayed loading based upon a near linear decay. 
4.4 Discussion 
The main aims of this chapter were to address the current methods of subject 
classification in terms of their respiratory characteristics. Primarily this involved 
preparing studies to aid the understanding of pressure generation during dynamic 
inspirations and exercise, thoracic force generation and thoracic displacement 
magnitude. In terms of developing a method to define the dynamic pressure-volume 
curve the resulting profile of inspiratory effort has proved to be similar to the published 
maximal pressure-volume curve and subsequently a specific gradient of decay for a 
loading technology can be justified in the product design specification. 
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The data generated during the case study experiments for thoracic force generation and 
displacement provide a valuable insight for future developments in thoracic restricting 
technologies. The key aim was to understand the magnitude for an applied load and a 
suitable location for the application of such a load. A custom device can now be 
developed for the studied subject via the parameters highlighted during the studies. 
These feasibility studies also suggest potential methods suitable for generating more 
generalised data across a larger study group. 
These data have not previously been available within the published literature and they 
therefore present a useful insight into the requirements of new inspiratory loading 
technologies. The following Product Design Specification (outlined in the next chapter) 
will use these requirements to overcome the limitations of the current technology and 
move towards an improved solution. 
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Chapter 5 
5.0 DESIGN SPECIFICATION 
5.1 Product Brief 
5.1.1 Introduction 
The completion of Chapters 3 and 4 has provided comprehensive justification for the 
development of new inspiratory muscle training technologies. It is clear from Chapter 3 
that the majority of existing technologies do not permit sport specific training in their 
functionality and/or application however two distinct methods appear to display the 
greatest potential for further development. These are the provision of inspiratory 
muscle loading via pressure-threshold (or `oral occlusion' for a more general term) and 
thoracic restrictive loads. 
Chapter 4 has addressed the specific user requirements of developing these two 
methods with respect to a dynamic loading technology, the perceived key aspect of 
future inspiratory muscle loading technologies. New methods of classifying subject 
characteristics are now available including an appropriate effort related pressure-volume 
loading curve, a force-volume curve specific to the thorax and specific values for the 
displacement of the thorax during a maximal inspiration. This information, as well as 
the specific subject data (oscillating valve test), has permitted modifications to the 
scoring criteria presented in the discussion of the limitations of existing technologies 
and enabled the identification of a set of deliverables specific to the development of 
new IMT technologies. The complete set of deliverables is described in the next section, 
5.1.2. 
The aim of this chapter is therefore to discuss the pertinent implications in developing a 
product design specification for new technologies with regards to fulfilling the aim of 
producing an innovative IMT technology. This information can then form the basis of 
Chapter 6, which will describe a set of concept solutions. 
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5.1.2 Deliverables 
The key deliverables of the activity identify the project brief. The two main deliverables 
are: 
1. The development of a new technology providing dynamic loading of the 
inspiratory muscles. The load must be: 
o User specific in terms of providing a decaying load with an adjustable 
intensity relevant to the individual pressure or force generating 
capabilities of subjects. 
o Accurate and reproducible across different settings throughout repeated 
testing procedures for a number of subjects. 
o Arbitrary and external to the subject's motivation, i. e. independent of 
flow generation. 
o Applied to the inspiratory portion of the breath only. Expiration should 
neither be aided nor hindered. 
o Responsive to changes in exercise intensity, e. g. breathing frequency or 
tidal volume. 
o Ambulatory so that application is not confined to the laboratory. 
o Low impact in terms of the effect on normal exercise or training 
procedures. The technology should not have for example, excessive 
weight or bulk or generate excessive discomfort. 
o Sport specific so that individuals from a range of disciplines can 
incorporate the training technology into their current regimes. 
o Large enough in magnitude to provide an overload stimulus to the 
muscles thus ensuring physiological adaptation. 
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2. The completion of the comprehensive testing of components and the feasibility 
of prototypes in the chosen study population with a view to widening the 
application in future developments. 
5.2 Product Specification 
5.2.1 Introduction 
The product design specification (PDS) provides detail to the highlighted deliverables 
and forms a reference during the development of future technologies. The format is 
taken from Total Design (Pugh, 1991), which identifies the key elements of product 
development. These follow in three main sections consisting of primary, secondary and 
tertiary concerns regarding their impact on the current thesis completion. Of the 
original 32 sections, 15 have been excluded due to their commercial focus and therefore 
lack of relevance to the research activity. 
5.2.2 Primary Concerns 
5.2.2.1 Customer 
The customer profile has been defined as a result of initial subject testing and a detailed 
literature search. The data generated during the initial testing period has been specific 
to a study group of healthy adult males participating in regular sporting activities. 
Recruitment of subjects for future prototype testing and development should involve 
participants within this same population so that performance criteria and settings are 
relevant to their training requirements. On successful implementation within this group, 
future customer profiles can be extended to include a wider population. 
5.2.2.2 Performance 
The performance of the device must suit the requirements of the specific user in order 
to elicit physiological improvements (inspiratory muscle strength, power and 
endurance). In this case data generated during the literature searches and definition of 
user requirements must form the basis of fundamental performance levels that should 
be complied with: 
Inspiratory mouth pressuregeneration - For the specification of components it is important 
to identify a working envelope. This envelope must be in excess of the maximal 
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capabilities of even the highest performing subject. To this end, the range of pressures 
to be used will be between 0 and -250cmH20. 
Lung volumes - the minimum range of lung volumes as defined during previous testing 
should be 1 to 7.51. 
Peak flow generation - In a similar respect to pressure, the maximal range of flow 
characteristics must too be considered to ensure that any resistance to flow within the 
technology is minimised. The maximum inspiratory flow to be considered is taken from 
the definition of user requirements and the capabilities of the measurement equipment, 
±141s"I. 
Loading profile -a decaying pressure-volume profile has been identified for dynamic 
mouth pressure development that approximates linearity with a gradient of -0.3mb V. 
A static force-displacement curve has also been generated for use on thoracic loading 
technology with a gradient of -1.2N mm'. 
Thoracic displacement - the case study identified a maximal thoracic displacement of 
approximately 60mm suitable for the development of a custom fit technology. A 
suitable range for future developments would be to consider the possibility of values 
between 50 and 70mm (approximately ±15%). 
Thoracrcforcegeneration - the case study identified a maximal thoracic force generation of 
approximately 90N suitable for the development of a custom fit technology. A suitable 
range for future developments would be to consider the possibility of values between 
75 and 105N (approximately ±15%). 
5.2.2.3 Standards Specifications 
The standards that are relevant to the current project are those that determine the 
diameter of the tubes and connectors in breathing apparatus. The British Standard (BS 
EN1281-1: 1997, Anaesthetic and respiratory equipment - conical connectors) for 
respiratory equipment refers to 5 alternative minimum diameters (8.5,15,22,23 and 
30mm) for respiratory equipment. Calculations regarding the selection of the most 
suitable diameter may be relevant. 
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5.2.2.4 Testing 
A comprehensive testing process must be followed in order to prove functionality and 
potential training benefits. This will fall into two main categories. The first of these, the 
bench testing of operational principles, will require the separate testing of any sub- 
assemblies or components. Secondly, prototype testing will take place within a study 
group. Future developments of the testing process would involve the completion of an 
intervention study to test the impact and benefits of the refined technology. 
5.2.3 Secondary Concerns 
5.2.3.1 Materials 
The core influence on material selection is the availability of manufacturing facilities 
available to the project. The requirement of short lead times for the development of 
prototype components suggests the need to select readily available equipment such as 
lathes and milling machines. The materials must be robust and reliable; they must be 
impervious to fluids due to exposure to saliva and cleaning products. Materials best 
suited to are probably a group called polyamides more often referred to as Nylons. 
These have a maximum operating temperature of approximately 250 degrees centigrade, 
are resistant to moisture and have excellent machining characteristics. They are available 
in white, which will prove useful in communicating a hygienic image. 
5.2.3.2 Ergonomics 
Due to the direct human interaction, ergonomics will be a major factor during testing. A 
mouthpiece suitable for the study group and the nature of the testing should be used 
preferably the same as that used during initial testing. It is important to consider the 
potential added weight around the jaw and weight distribution will be vital to the testing 
of the prototype success. The spring balance located in the Sports Technology 
laboratory should be employed to equalise the weight of the prototype. 
5.2.3.3 Installation 
Consideration must be given to the habituation of the prototype technology. It should 
be assumed that most of the subjects would not have experienced inspiratory muscle 
training, particularly during exercise. Sufficient time must be given to the subjects to 
practice with the technology and a means of gradually introducing them to the stimulus 
must be found. 
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5.2.3.4 Documentation 
Supplementary to the habituation sessions, suitable information must be provided to 
each subject highlighting the testing procedure but more specifically the functionality of 
the loading technology. It should describe the background and theory associated with 
inspiratory muscle training technology. As well as providing comfort to the subject this 
information will ensure motivation during the test. 
5.2.3.5 Quality / Reliability 
The device will at the very least have to complete several weeks of testing, adjustment 
and use within a study group. The demand on the product will be therefore, to perform 
at a specific level on a regular basis. A testing procedure should be installed throughout 
manufacture to maintain tolerances on components and to guarantee function. 
Calibration of equipment and components should be carried out at regular intervals. 
5.2.3.6 Safety 
The major factor of a product such as the one in question is to avoid having a negative 
effect on health. In terms of the completed prototypes they should be manufactured in 
such a way that all components that come into contact with saliva can be dismantled, 
cleaned and sterilised. All subjects will also complete a medical questionnaire prior to 
testing in order to eliminate the chance that certain conditions, e. g. asthma may be 
exacerbated by the testing procedure. It should also be noted that if any electrical 
components are involved, that these should be earthed ensuring no danger of shock. 
Finally, any small parts must be secured to avoid airborne components that may be 
swallowed aspirated. 
5.2.3.7 Maintenance 
Cleaning of the bench equipment and prototype for hygiene purposes is extremely 
important to avoid cross contamination between subjects. To make this job simple and 
fast to minimise delay between subjects the prototype technology must be easy to 
dismantle. If this is not an option then the possibility of alternating parts for each 
subject should be explored. 
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5.2.4 Tertiary Concern 
5.2.4.1 Aesthetics 
The important emphasis of the project is to develop a platform or prototype technology 
without necessarily making any major considerations towards the aesthetic package into 
account. This section however has not been discounted due to the requirement of the 
prototype to ensure that the subject is at ease during testing. Numerous subjects will 
have to be in close proximity to many of the parts and should not be concerned with 
the presence of dirt or the perception of a lack of hygiene. 
5.2.4.2 Size 
The only size specification that must be followed is to maintain a minimal impact to the 
testing and development process. There are facilities in the laboratory such as an 
overhead gantry to reduce the impact of oversize equipment. Clearly the requirement 
highlighted in the deliverables of an ambulatory device should be a consideration and an 
excessively oversized unit may not be transferable into a portable format. 
5.2.4.3 Weight 
Weight is again not considered a vital factor during the development of a prototype. 
The overhead gantry is fitted with a spring balance to equalise any mass hung from it. 
As per the size issue, if future transference into a portable product is intended then 
decisions regarding component selection should have weight as a secondary concern. 
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Chapter 6 
6.0 CONCEPT SOLUTIONS 
6.1 General Introduction 
The PDS outlined in Chapter 5 and the requirements defined by Chapter 4 describe two 
specific directions to be taken during the development stage. The first method will 
provide an oral load, requiring inspiratory mouth pressure generation. The second will 
resist the movement of the thorax by providing a direct load across the 
intercostal/accessory muscles. As highlighted by the PDS the successfully completed 
technologies require application in an ambulatory manner and therefore all design 
iterations will take this into consideration. The work carried out, defining the user 
requirements will be paramount in the selection process for design alternatives and will 
be used in any calculations to provide specific constraints. 
For each of the two main concepts, basic schematic representations are presented. 
These schematics are then developed following consideration of their basic 
requirements, for example simple valve geometry is explained before the further 
discussion of embodiment detail. Potential final packages are then given, which are 
compared so that a continual movement towards a suitable solution in each of the two 
directions is achieved. The detailed problems associated with providing the `load', are 
then approached in turn before leading into the development of bench prototypes. The 
main aim of this chapter is therefore to identify the two definitive answers to the design 
specification. Chapter 7, Prototype Technology, will then add flesh to these designs in 
the form of bench rig technologies. 
6.2 Oral Occlusion 
6.2.1 Introduction 
The term `oral occlusion' used here, can be applied to describe devices such as pressure- 
threshold or flow-resistive technology and allows for a broad approach ensuring that 
fresh ideas are conceived. The basic constraint is that the technique must involve the 
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provision of a load at the mouth as per the majority of existing designs. The key aspect 
of the following concepts however, is to provide a decaying or variable load at the 
mouth that matches the force generating capabilities of the inspiratory muscles during 
exercise as per the data generated during the earlier oscillating valve tests. 
It is believed that three main design concepts fit the set criteria encompassing all 
practical applications. These are through a mechanical system with and without power 
assistance or via a purely electrical `control' system. The mechanical system can provide 
the load via a series of linkages and fulcrums at a varying rate determined by user 
adjustment. The addition of an electrical powered interface allows the varying load rate 
to be applied from the changing breathing characteristics. Finally the electrical system 
allows complete control over the varying load profile by considering each breath as a 
series of point loads provided by a high-speed actuator. 
6.2.2 Schematic Solutions 
6.2.2.1 Powered and Un-powered Mechanical Solutions 
Schematically, the discussed solutions can be placed into one of two groups. The 
powered/un-powered mechanical systems are the first group and the electrical control 
system in another. Certain assumptions are made regarding the specification of load 
application in the case of the mechanical systems and these are presented as simple 
springs. The reason for this is to ensure clarity in the communication of the design as a 
whole whilst not getting distracted by detail. The following Figure 6-1 describes the first 
approach. 
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The compression of the 
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intensity of the 
exercise. 
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Figure 6-1. Mechanical and Electromechanical 
schematic solutions. 
ý)ý 
Electrical piston 
The motor controls the 
rate of decay. A control 
loop matches the filling of 
the lungs. 
(Images are modified from initial design work carried out by PDD Design Consultants, London, UK 
on behalf of IMT Technologies Ltd, Birmingham, UK) 
Figure 6-1 shows concepts that rely on the changing position of a fulcrum. In general, 
each of these designs comprises an occluded valve, which needs to be opened by 
generating inspiratory pressure to initiate airflow. The load that relates to this inspiratory 
pressure is determined by the compression of a spring as per the pressure-threshold 
technologies. 
The major addition to the pressure-threshold technology is the mentioned fulcrum that 
can move between the spring and the valve. As the fulcrum moves towards the spring 
its mechanical advantage is reduced thus dropping the force required to keep the valve 
open. A separate sub-assembly is required to control the rate at which the fulcrum 
moves so that it can be synchronised with the filling of the lungs. In the first case 
(Figure 6-1, left hand image) a diaphragm valve determines the rate of this decay. The 
size of an aperture is varied so that the rate of filling of the valve chamber matches the 
rate of filling of the lungs. The user carries out the adjustment of the aperture during 
exercise. The loading profile is determined by this adjustment and the geometry of the 
fulcrum interface. The associated benefits and drawbacks can be defined by the 
following 
-C- 
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Advantages 
" No power requirements - the addition of batteries dramatically increases the 
unit's weight and size. 
" Simple load adjustment - the user can increase the tension in the spring via a 
simple interface. 
Disadvantages 
" User control - matching breathing pattern to load profile will require the user 
to make adjustments throughout exercise, this may require coaching. 
" Fixed profile - the decaying force profile as defined by the fulcrum's 
movement may not be appropriate for a varied population. 
Further developments of devices of this type (Figure 6-1, right hand diagram) reduce 
the complexity of parts by replacing the diaphragm by utilising a powered motor acting 
as a piston valve. The major difficulty predicted with this type of technology relates to 
the interface point between that of the electrical and mechanical components. It is 
envisaged that gearing from the motor to the spring tension adjuster would be 
necessary. Coupled with this, suitable control of the rate is required. The adjustment 
could be in the form of a variable potentiometer. 
Advantages 
" High repeatability - with the correct control set-up the technology provides 
an accurate load profile. 
0 Part reduction compared to the mechanical solution - the removal of 
fulcrums and levers allows simplification of the mechanical parts so that 
assembly issues are reduced. 
Disadvantages 
" Increased weight due to power supply and motor - there maybe options to 
distribute this weight, however user discomfort is likely to increase. 
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" Fixed profile - the shape of the decaying force profile as defined by the 
fulcrum's movement may not be appropriate for a varied population. 
In this form, the unit does possess similar constraints to the purely mechanical 
embodiment, namely how to accurately apply the load over different lung volumes. The 
addition of control and feedback to the electromechanical device concept could 
however overcome this limitation. This control, which could be via a standard circuit 
and processor connected to a PC, could be used to calculate the duration of a breath. 
This duration could then in turn be used to control the rate of decay of the valve. 
Pressure and flow sensors would be required to provide this feedback. This may also 
allow the load to be specifically quantified, but would substantially increase complexity, 
mass and cost of the unit. 
6.2.2.2 Electrical Control Solution 
Figure 6-2 refers to the second set of concepts, the electrical control system, which fully 
embraces the more complex electromechanical solution. The basic principle associated 
with this concept stems from the functionality taken from high-speed actuators. This 
type of device allows the inspiration to be broken down into a series of data points 
whereby each point represents a specific lung volume and pressure value. These data 
points can be manipulated to provide any loading profile so that the training stimulus is 
achieved by overcoming each of these points in turn. The high-speed actuator ensures 
this functionality by rapidly switching the system state between closed and open. The 
selection of signals in terms of flow and pressure will again be important to the success 
of the technology. 
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Figure 6-2. Electrical control solution schematic 
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Advantages 
" Total profile control - no limit to applied load profiles as the shape is 
determined by the layout of the data points and not fixed component geometry. 
0 Minimal part count - further part reduction is achieved so that only the valve 
actuator and pressure / volume transducers need be present at the user 
interface. 
Disadvantages 
" Increased weight from power supply and control - as per the electrical 
piston solution, the unit requires a power supply and control layout. It is 
however feasible to move this away from the interface into a belt for example. 
" Actuator selection - the key limitation of this device is the selection of an 
appropriate actuator. Due to its nature, the movement is generally violent and 
loud providing a distraction to the user. 
The high-speed valve has been inspired by the work of investigators such as Hayot et al. 
(2000) who used an electromagnetic valve to measure pressure generation at the 
beginning of an inspiration as described in the oscillating valve development (also 
Ratnovsky et al., 1999 and Bardsley et al., 1992). There are also studies on breath 
interruption as a means of calculating airway resistance that apply similar functionality. 
These methods generally require a computer-controlled occlusion as per the proposed 
valve and therefore provide a useful source of reference. Three examples worth 
consideration are from studies by Kessler et al. (1999), Ohya et al. (1989) and Pesenti et 
al (1992). These all offer alternative solutions to providing a high-speed occlusion to 
respiration. Kessler et al (1999) reviews the many different devices that have been used 
between 1959 and 1997 and compares their own development, a pneumatically 
controlled plug or rotary valve achieving occlusion in - 20ms. Ohya et al. (1989), a study 
cited by Kessler et al (1999), used a gate valve controlled by a rotary solenoid with 
occlusion speed of 17ms. The most conceptual of the three was Pesenti et al (1992), 
also cited by the Kessler et al. (1999) review paper, who used a latex balloon positioned 
in the airway to act as a kind of diaphragm valve. This created an occlusion in 10-20ms 
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with inflation via a solenoid. Each of these methods are used as single occlusion but 
could be repeated to achieve the profile defined in Figure 6-2. 
6.2.3 Control Solutions 
6.2.3.1 Introduction 
Both of the latter concepts (electromechanical and electrical control) require a control 
loop so that a computer or control device can make real time adjustments to the loading 
profile. It is important to consider the schematic requirements of these control systems 
so that a suitable bench and test rig can be prepared. 
6.2.3.2 Electromechanical Control 
The functionality of the control system required by the electromechanical solution will 
involve a manual selection of the load in terms of changes in the spring tension. It is 
anticipated that the user will conduct initial trials to select an appropriate starting load. 
At the onset of the first inspiration the unit will then apply the decaying load at a rate 
defined by an arbitrary inspiratory duration (n). This first inspiration will also trigger a 
timer to measure the actual duration of the breath. The inspiratory duration will then be 
amended for the next breath (n + 1) and so on. This final functionality will allow the full 
decay as defined by the moving fulcrum to occur over a changing rate as the rate of 
breathing changes for an individual. Figure 6-3 defines this process in a flow diagram. 
163 
Manually 
select load 
Set 
inspiration 
n duration 
Start H Start breath 
inspiration timer 
Apply load I 
Calculate 
inspiration n+1 
duration 
Stop H Stop breath 
inspiration timer 
Figure 6-3. Electromechanical control flow 
6.2.3.3 Electrical Control 
The electrical control system requires a slightly different loop mechanism due to the fact 
that the control loop is also responsible for defining the load intensity. In this case the 
user will define a specific peak load, which can again be from a previous trial. The 
subsequent loads are then defined with respect to the selected peak load. This could be 
via a constant rate of decay so that each load is a smaller percentage of its predecessor 
or each load could be independently selected to provide different stimuli across the lung 
volume. With the load values set, the user can then complete their first inspiration. 
During this period a timer is activated and the inspiratory duration is measured. No load 
is applied at this stage (n = 0), as it requires this parameter to complete the load profile 
definition. The point loads and inspiratory duration are combined to form the 
completed load profile. These loads are then applied to subsequent inspirations (n > 0). 
As with the electromechanical system, any changes in the inspiratory duration cause 
amendments to the loading profile so that the point loads are spread evenly across the 
breath. Figure 6-4 defines the flow of information. 
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Figure 6-4. Electrical control flow 
The above schematic control systems are communicated here, in their most basic 
forms, the flow of information to enable functionality of the systems. They provide a 
means of comparison and ultimately selection for implementation on a bench test rig 
later in the project. This selection will take place when all other aspects of defining the 
new occlusion valve have taken place. 
6.2.4 Valve Selection 
The aim of this section is to explore the basic valve geometry that has been alluded to in 
the previous section. The initial design ideas have employed three general valve designs; 
check valve, swing check valve and gate valve. There are however several additional 
valve options that may be worth considering. 
- 40M :::: Figure 6-5. Closing down and sliding valve schematic 
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Figure 6-5 shows the two most commonly applied methods of flow regulation, closing 
down (left image) and sliding (right image). The arrow indicates the direction of travel 
of the closing valve. The closing down method has a wide range of applications 
including globe valves, piston valves and as per the majority of pressure-threshold IMT 
devices, the check valve. The sliding method is more commonly referred to as a gate 
valve and often seen in large scale in the construction of reservoir management systems 
(slews gates). 
Most useful in the application of a motor in the development of an IMT technology are 
the rotary valves. There are two general methods in this category, the ball or plug valve 
and the butterfly valve (see Figure 6-6). 
Figure 6-6. Rotary valve schematics 
The arrows on Figure 6-6 indicate the direction of rotation of the two valves. The left 
hand image represents a ball or plug valve design and the right hand image is a 
schematic of a butterfly valve. Both of these techniques require a rotating element that 
provides a fully open or closed valve by a 90-degree rotation. 
Two similar methods of flow regulation include the use of a flexible valve material in 
either single or two directions. The left hand image (Figure 6-7) shows a pinch valve, 
which requires forces from two directions to squeeze the valve material into its closed 
position. The right hand image shows a change in valve geometry. The arrow direction 
shows the flexible portion of the valve, which is forced onto the raised section. This 
type is commonly referred to as a diaphragm valve. 
Figure 6-7. Flexible valve schematic 
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6.2.5 Initial Design Concepts 
6.2.5.1 Introduction 
The following initial designs are the first step in providing opportunities to decide 
potential for the various occlusion concepts. They do not necessarily represent 
technologies that are completely suitable for the application. 
The rationale for this activity is to avoid the limitations on creativity that a detailed 
analysis of the various mechanisms may have at this stage. It is believed that following 
the long established techniques of valve and actuator selection, any concepts that are 
conceived as a result, will share similar long established characteristics. Instead, the 
current basic knowledge of these technologies from section 6.2.4 Valve Selection will be 
used. Any interesting ideas, their functional relevance and most positive elements can 
then be properly researched later in the chapter. 
The designs that follow are a selection that demonstrate options for each of the three 
initial concept areas. The first to be considered is the purely mechanical system; a single 
design has been completed using this method. This is followed by an electromechanical 
solution and three concepts based on the electrical control idea. 
6.2.5.2 Powered and Un-powered Mechanical design 
Figure 6-8 illustrates a functioning iteration from the mechanical schematic originally 
communicated. It uses the same spring-loaded check valve and diaphragm valve 
concept. This design was created with collaboration between IMT Technologies Ltd. 
(Birmingham, UK) and PDD Consultants (London, UK) and is not commercialised in 
the public domain (Powerbreathe Kinetic, world patent W00024476). 
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Mouthpiece 
Valve assembi 
alve 
This design for the mechanical solution shares the same essential components as the 
schematic diagram. The main changes are the diaphragm valve, which has been enlarged 
and flattened so that the unit is compact against the user's chin. It is not clear in the 
image, but the inspiratory and expiratory portions of the breath are split at the 
mouthpiece. The expiratory phase is used to reset the fulcrum at the end of each 
inspiration. 
The next design (Figure 6-9) takes inspiration from a scuba diving regulator. It employs 
a version of the electromechanical concept but does not have a great deal in common 
with the original schematic. Instead of using a moving fulcrum to decay the load, this 
device utilises a rotating cam to reduce the compression of a breath over an inspiration. 
This rotation is achieved using a suspended motor, which could be either a standard dc 
style requiring varying voltage and speed to match ventilation or a stepper motor so that 
exact angular adjustments can be made throughout the inspiration. 
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Figure 6-8. P, mcrl, rL ! the Kinetic concept 
Expiratory port 
Inspiratory port 
Figure 6-9. Electromechanical concept 
The cam assembly is geared to increase the torque of the motor. The inspiratory and 
expiratory ports are split with an unloaded one-way valve at the expiratory port. At the 
end of the device, opposite the inspiratory port, an interface has been included to attach 
a support arm to help reduce the weight of the unit experienced at the mouth. 
6.2.5.3 Electrical Control Designs 
The following three electrical control designs utilise different actuator solutions; a 
solenoid and holding magnet are two different electromagnetic methods and the third 
idea uses a piezoelectric bimorph (described in the Actuator section). The first of these 
designs, the solenoid, is an innovative `interference' valve based on the functionality of a 
gate valve. The unit comprises a rigid housing body (see Figure 6-10) that would be 
positioned in front of the user's mouth. Wrapped around the front of this is a spring- 
loaded interference film. At the opposite side of the unit to this spring mechanism is a 
solenoid. 
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Cam/gear assembly 
Spring return 
Interference film 
Figure 6-10. Electrical control concept 
Activation of the solenoid pulls the film across the housing causing the slots to be 
covered and thus occluding the inspiratory flow. This would occur at high speed to 
minimise any additional load brought on by resistance to airflow shortly before and 
after each occlusion. The complete unit (not shown) would include a separate one-way 
expiratory port. 
An alternative electromagnetic device is a holding electromagnet. Figure 6-11 defines a 
possible application of this technology. 
Power 
Expiratory port 
Mouthpiece 
I 
Figure 6-11. Electromechanical Concept2 
iratory port 
5pnng return 
Figure 6-11 shares similar geometry to the electromechanical solution. It has a `T' 
configuration with inspiratory and expiratory ports opposite each other and the 
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Solenoid assembly 
mouthpiece (open port) between these. The spring does not provide the load in this 
concept; it simply ensures that the resting position of the inspiratory valve is closed. The 
holding magnet provides the load. This would be achieved by having a magnet with an 
attractive force far greater than the pressure generating capability of the inspiratory 
muscles. A pressure sensor would be used to release or attract the valve at varying 
pressure/load values across the inspiration. 
The final concept employs two identical swing check valves. The flap valves are closed 
using a cantilever mechanism actuated by a piezoelectric bimorph strip. The strip (see 
Figure 6-12 inset image, yellow component) is fixed in a single plane at both ends so 
that when a voltage is passed across it, bending takes place causing the valve to move 
around its pivot and close. A separate port is required for expiration. 
Inspiratory valve x2 
Figure 6-12. Electrical control concept 2 
As with the previous two electrical designs, a pressure transducer would monitor the 
conditions to place the valve in its open or closed position. 
6.2.6 Concept Comparison 
6.2.6.1 Introduction 
The key aspects of the product design specification (PDS) have been adhered to in the 
preparation of the initial design ideas. In order to aid the decisions for selecting the 
most appropriate designs, criteria must be set to score the level of fulfilment of these 
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Bimorph assembly 
key aspects. These criteria are the same as those used to compare the existing 
technologies (Chapter 3) with the addition of a final deliverable, which has been 
generated during the preparation of the PDS. 
" Device must minimise flow independence 
9 There must be a user specific load (preferably a decaying load) 
" The load must be accurate and reproducible 
" Device should be sport specific 
" There must be a minimal level of expertise required for operation 
" It must be suitable for ambulatory use 
Additionally as defined by the PDS (not in the original criteria, Chapter 3); 
" It must also be responsive to cater to changing ventilatory conditions 
These main aspects do not however consider the developmental or testing process prior 
to the completion of a working prototype. A further scoring factor should therefore be 
considered in the selection process, that of flexibility. A research tool or more 
specifically the selected method to be taken forward as a bench technology should 
provide total flexibility in all areas of application. Flexibility in this case is defined by an 
ability to alter the load characteristics. This does not end at the changing use of an 
individual's lung volume during exercise but also the specific load profile. It is of benefit 
to have the functionality of an adjustable load profile so that an optimised profile might 
be the result of further testing in a user population. The successful completion of this 
could then result in the selection of a fixed profile in a simplified device as a cost saving 
activity in the final product development stages. 
6.2.6.2 Comparison Table 
A similar comparison table to that used in Chapter 3, Technological Requirements, will 
be employed to complete the next iteration of design selection. The flexibility scoring 
criteria are as follows; load intensity adjustment, load profile adjustment, effort involved 
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to transfer the concept to a bench rig and stock availability of components. Each of the 
five initial ideas will now be scored against the new set of selection criteria. 
Intensity 
adjustment 
Profile 
adjustment 
Bench rig 
transfer 
Stock 
availablity 
Tota 
Mecahnical 
Electro- 
mechanical 
Control 
(solenoid) 
Control 
(holding magnet) 
Control 
(piezo) 
0 0 1 1 1 
-1 0 1 1 1 
-1 0 1 1 0 
0 0 1 1 -1 
-1 0 4 4 1 
i ante b-i. comparison table - concepts 
Scores for intensity adjustment depend upon an ability to change (-1, not possible or 0, 
limited) or an ability to give a specific value (1). The definition for good profile 
adjustment (1) is an ability to manipulate the complete profile. Alternative scores 
depend on the capability to automatically respond to changes in ventilation (0) or if the 
user is required to make continual changes (-1). If the design is made up of a few parts 
that could be simplified for the ease of manufacture of a bench rig then a good score is 
given (1). An increasing complexity receives a lower or negative score (0, several parts 
or -1, several assemblies). If the main components are readily available from trade 
catalogues and their use and application is well established then a good score is given 
(1). The remaining scores depend on the requirement for many parts to be 
manufactured (0) or if little is currently known as to the implementation of certain 
elements (-1). 
Although the powered/un-powered mechanical solutions offer a simply packaged form, 
the fixed profile and part complexity do not provide the function of a sophisticated 
research tool as required. The requirement of flexibility for the preparation of a bench 
rig therefore eliminates all but the control system solutions. Three potential solutions 
are highlighted for the control actuator systems. Of these, the most suitable seems to be 
via an electromagnet (solenoid or holding magnet) following analysis of the comparison 
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table. Preliminary testing has been completed (Appendix - Actuator Selection) to aid 
the understanding of the choice and as a result any future work regarding the 
development of an actuator for bench technology will be based upon an 
electromagnetic solution. 
6.3 Thoracic Restriction 
6.3.1 Introduction 
The main benefits of thoracic restrictive or garment technologies are the flexibility of 
use due to the general simplicity of the designs and the improved psychological affects 
for the exercising individual due to the removal of equipment from the user's mouth. 
There are however potential drawbacks to a garment based technology, namely an 
alteration of breathing pattern and muscle recruitment as reported in Chapter 3 and any 
resulting designs must seek to eliminate or reduce any potentially negative aspects. 
The aim of this section is therefore to communicate potential thoracic restriction 
technologies based upon the excursion and force capacity data generated during 
Chapter 4 and the constraints specifically related to a garment technology as defined by 
the PDS. The key challenges that arose from these activities was to provide a decaying 
load across an inspiration and that this load should be applied over a variety of 
displacements at different locations on the thorax. There are relatively few existing 
designs for thoracic restricting devices particularly including any innovative methods of 
applying the load and this activity is therefore seen as a good opportunity to explore an, 
as yet, neglected area. 
The following sections highlight initial design concepts with the identification of core 
loading techniques. A comparison of these concepts with each other and the PDS is 
used to assess and identify the solutions that offer the most potential. The final section 
approaches any potential limitations to the further development of the chosen concepts. 
6.3.2 Initial Design Concepts 
6.3.2.1 Introduction 
There are believed to be two general loading methods that can be incorporated into a 
garment-training device. These are either the elastic behaviour of certain materials and 
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certain systems such as springs and the frictional forces generated between two 
interfacing materials under normal loading. The following ideas are presented in 
schematic form as they all follow a similar theme. Improvements on the detail of these 
designs will be completed in Chapter 7. 
6.3.2.2 Elastic Loading 
Figure 6-13 identifies three potential options using springs as the loading mechanisms. 
Theses springs could be constructed of coiled metal or plastic depending on the loading 
requirements. The first (A, left hand image) incorporates a tension spring attached to 
inelastic straps (similar to a spring balance) around the thorax; the second design, B 
(middle image) utilises a coil spring to provide tension, and the third design, C (right 
hand image) employs a torsion spring system to produce a clamping action to a rigid 
hinged frame. 
These designs all share the same feature of the spring locating to an inelastic material of 
some description acting as a frame and leverage point. This frame would need to be 
adjustable to suit different individuals and unobtrusive so as not to affect the exercising 
individual. The spring mechanism itself would also need to be adjustable and perhaps 
modular to allow for pretension and suitable load selection. 
Figure 6-13. Design A (Pension Spring), Design 13 
(Coil Spring) and Design C (Torsion Spring) 
The designs illustrated in Figure 6-13 have been grouped due to their similarities and do 
therefore share advantages and disadvantages. They all function by opposing the 
expansion of the rib cage during inspiration by the tensile forces in a coiled spring. 
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Advantages 
" Number of springs - tension could easily be altered at different points of the 
thoracic by using a combination of different springs. 
" Simplicity - in terms of a `user friendly' system this is a major advantage. There 
are no complex mechanical systems and many alternative springs are readily 
available should different loading characteristics be required. 
Disadvantages 
" No decay on loading profile - the nature of a spring is that force increases 
with extension. The requirement as identified by chapter 4 is a decaying force 
profile. 
" Unspecific load definition - without the inclusion of a changing pre- 
calibrated scale the load is undefined at a given point. 
Designs A and B are the most flexible of the three designs in that load can be adjusted 
for different parts of the thorax. This may be achievable with the torsion spring design 
(C) but only by means of a complex frame that will inevitably cause obstruction. 
The following Figure 6-14 demonstrates two alternative elastic methods using flexible 
materials. Their main advantage compared to using springs is their flexibility allowing 
any orientation and a close fit. 
Figure 6-14.1: lastic concepts. Left hand image, panel 
design D. Right hand image, strap design E. 
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The left hand image (Design D, Figure 6-14) is a schematic representation of an 
application of an elastic sheet material such as Lycra inspired by tight fitting cycle 
garments currently on the market. Differently graded panels of material are positioned 
at different locations around the thorax with each panel displaying separate loads. This 
device could completely replace an individual's training top however it is likely that it 
would need to be made-to-measure or at least within defined ranges of anthropometric 
measurements. 
The right hand image (Design E, Figure 6-14) shows an alternative elastic design using 
rubber e. g. silicon, as straps, which are located to a breastplate. The straps could be 
moulded to perfectly fit an individual. Each strap length is user adjustable via the 
breastplate to achieve different loads across the thorax giving the design a substantial 
advantage over the fixed panel solution. In general however, the advantages and 
disadvantages for seen in these designs are essentially the same. 
Advantages 
" Varying material characteristics - material thickness and density can be 
varied thus changing the load. Moulded materials can also be given anisotropic 
properties, providing a specific characteristic in a single orientation. 
" Stand-alone garment - the material can be moulded or woven into a garment 
thus minimising the obtrusive nature of a training device. 
Disadvantages 
" No decay on loading profile - the nature of elastic material is that force 
increases with extension. The requirement as identified by chapter 4 is a 
decaying force profile. 
" Unspecific load definition - without the inclusion of a changing pre- 
calibrated scale the load is undefined at a given point. 
6.3.2.3 Friction Loading 
The following three figures describe three alternative methods of using static friction 
force to provide load to an expanding thorax. The loading mechanisms only are shown 
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but it is envisaged that they would be incorporated into a garment in the same way 
employed by the spring solutions. 
Figure 6-15 (Design F) below is a schematic representation of a continuous, decaying 
friction system. The y-shaped (yellow) component moves in relation to its housing 
which is shown by the two sloping surfaces. At the beginning of an inspiration the y- 
shaped component is positioned at the far left of the image so that the two fingers are 
compressed between the points at which the sloping surfaces are closest together. This 
position will develop the greatest friction. As the y-shaped component is pulled to the 
right by the expanding thorax the compression and thus frictional forces are reduced. 
design F, Y-bar 
This system has the major advantage over the elastic solutions of the decaying profile as 
defined by Chapter 4 (Defining User Requirements). 
Advantages 
9 Decaying profile - different slope angles and material characteristic will 
provide a variable load profile. 
" Simple and cheap to produce - the unit consists of only two simple parts. 
This benefit is important due to the constant wear taking place. 
Disadvantages 
" No return mechanism - once the moving part has completed its travel a force 
is required to reset the unit during expiration. 
" No load definition - the frictional forces will be specific to an unworn 
material. The nature of the load and lack of adjustability will result in a change 
to the load throughout the unit's life. 
178 
The second design (G, Figure 6-16) describes an interval friction device. A moving 
element (yellow) sequentially interacts with flexible interference fingers located above. 
Force generated by the expanding thorax pulls the moving element past the interference 
fingers, which are configured to provide a changing load. Altering the material stiffness 
or density of fingers can change the load to provide a decaying profile. 
This design offers an improvement over the previous design by solving the return 
mechanism issue. 
Advantages 
" Unidirectional loading - the fingers can be orientated to interfere with the 
moving element in only one direction and thus allowing the unit to reset during 
expiration. 
" Decaying profile - any profile can be achieved by changing the finger position 
or material. This segment could be modular to allow simple intensity 
adjustment. 
Disadvantages 
" Single axis loading - any twist through the system will cause snagging or 
jamming of the moving parts. 
" High relative manufacturing costs - the moulding of intricate flexible parts 
will increase costs. This part will also wear with use requiring regular 
replacement. 
The final design concept (H, Figure 6-17) makes use of a rotating disc clamped to a 
second static disc. Each disc consists a high friction material requiring tangential force 
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Figure 6-16. Friction design G, Finger 
to produced rotation around the fixed point, A. The clamp at A is adjustable to produce 
different loads. 
A: 
A 
Figure 6-17. Friction design H, Rotating 
Advantages 
" Improved load definition - different torque settings on the clamp could be 
scaled to produce specific loads. 
" Loading in multiple directions - separate loading points can be utilised 
anywhere within the 360 degrees around the rotating element. 
Disadvantages 
" Static plate must be fixed - poor fixing of the static plate will result in no load 
and twisting of the attached garment. 
" No return mechanism - once the moving part has completed its travel a force 
is required to reset the unit during expiration. 
6.3.3 Concept Comparison 
6.3.3.1 Introduction 
The key aspects of the product design specification (PDS) have been adhered to in the 
preparation of the initial design ideas. In order to aid the decisions for selecting the 
most appropriate designs, criteria must be set to score the level of fulfilment of these 
key aspects. These criteria are the same as those used to compare the existing 
technologies (Chapter 3) with the addition of a final deliverable, which has been 
generated during the preparation of the PDS. 
" Device must maximise flow independence 
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" There must be a user specific load (preferably a decaying load) 
" The load must be accurate and reproducible 
" Device should be sport specific 
" There must be a minimal level of expertise required for operation 
" The device must be functional in home and field environments 
9 It must be suitable for ambulatory use 
Additionally as defined by the PDS (not in the original criteria, Chapter 3) 
" It must also be responsive to cater to changing ventilatory conditions 
Also, specifically to thoracic restriction technologies (not considered during assessment 
of occlusion designs); 
" Unidirectional loading of thoracic movement 
The importance of this additional constraint is due to the requirement of loading only 
the inspiratory portion of the breath. It is undesirable to either load or assist the natural 
recoil of the respiratory system during expiration. If these are present the breathing 
pattern may be compromised. 
In order to complete the next iteration of designs, a new set of criteria must be used 
that are specific to a thoracic restriction device. These parameters have been alluded to 
in the discussion of advantages and disadvantages. 
6.3.3.2 Comparison Table 
A similar comparison table to that used in Chapter 3, Technological Requirements and 
in the comparison of the occlusion concepts will be employed to complete the next 
iteration of design selection. The scoring criteria are as follows; decaying profile, 
unidirectional force, graduated forces, adjustable force levels, low profile, lightweight, 
simple operation and easy to get on. Each of the eight initial ideas will now be scored in 
two groups (Elastic and Friction) against the new set of selection criteria. 
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Scores for a decaying profile are fairly obvious, it is either present (1) or not (-1). If it is 
perceived however that the addition of a secondary mechanism could provide a 
decaying load then a score of 0 is given. A unidirectional force requirement is so that 
the load affects only the inspiratory cycle (1). It is considered a negative trait if recoil of 
the unit assists the normal elastic recoil of the thoracic cage during expiration (-1). The 
thoracic cage and abdomen expand to varying degrees during the respiratory cycle and 
therefore a graduated force mechanism that can account for these variations should be 
favoured (1 or 0 depending on simplicity or -1 if not possible). The user should be able 
to alter the force level (1) otherwise the unit will have be replaced with an alternative 
model (-1) or modular components (0). The garment must be low profile so that it does 
not interfere with the exercise activity (1). A poor score will be given if the unit 
increases the envelope of the thorax or restricts arm movement (0 or -1). An extension 
of this is the perceived weight of the final garment. A good score will be given if the 
garment can replace existing clothing without addition to overall weight (1). Lightweight 
additions to the normal clothing will be scored 0 or -1 depending on the severity. The 
number of components and any required operator expertise in set-up of the unit will 
score simplicity. If the unit requires no set-up or minimal components a score of 1 will 
be given, else a0 or 1 will be given depending on the severity. Further to this, the unit 
will be assessed as to whether it is easy to put on (1) or not (-1). If it is relatively easy to 
put on but not as easy as a normal item of clothing then 0 will be given. 
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Decaying profile 
Unidirectional 
force 
Graduated force 
Adjustable force 
level 
Low profile 
Lightweight 
Simple operation 
Easy to get on 
Total 
Tension 
spring (A) 
Coil 
spring (B) 
Torsion 
spring (C) 
Elastic 
panel (D) 
Elastic 
strap (E) 
-1 -1 -1 -1 -1 
-1 -1 -1 -1 -1 
1 0 0 1 0 
0 0 0 -1 1 
1 1 0 1 1 
1 1 0 1 1 
0 0 0 1 1 
0 0 0 1 0 
1 0 -2 2 2 
Table 6-2. Comparison table for elastic and spring 
loading methods 
The elastic panel design and elastic strap design best fit the criteria and will therefore be 
taken forward for development. 
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Unidirectional 
force 
Graduated force 
force 
to get on 
Total 3131 
Table 6-3. Comparison table for friction concepts 
All three friction-loading designs score evenly and therefore further analysis must be 
considered. It may be useful to use other advantages /disadvantages such as the 
presence of a return mechanism or the ability to load in different orientation. 
Y-bar unit (F) - this device can load in only a single axis and there is not an obvious 
method of resetting the device during expiration. 
Finger unit (G) - this device does have the facility to reset itself during expiration with 
the aid of a rigid framework. This may however assist the natural recoil of the thorax. 
This device can also load in only a single axis. 
Rotating unit (H) - the rotational friction device can be loaded from any orientation 
providing it with an advantage over the other two designs. It does not however, have 
the ability to reset during expiration. It is envisaged that the addition of a simple 
mechanism could overcome this. 
Y-bar unit 
(F) 
Finger unit 
(G) 
Rotating 
unit (H) 
1 1 0 
0 0 0 
0 0 0 
0 0 1 
1 1 1 
1 1 1 
0 0 0 
0 0 0 
3 3 3 
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From this discussion it appears that the rotational friction device (H) is most suitable 
for further investigation. This device alongwith the two preferred, elastic concepts need 
further design work and consideration of the load that is produced by these techniques. 
The next section will approach these issues by taking into account any potential 
limitations thus leading to a refined solution/s to be developed in Chapter 7 (Prototype 
Technology). 
6.3.4 Potential Limitations 
6.3.4.1 Introduction 
There are inherent factors in each of the chosen technologies that require greater 
understanding if they are to be developed into a bench or prototype unit. They will be 
considered separately at this stage however their comparison will form an early section 
in the next chapter. 
The main aim of this section was to discover the importance of the compromises that 
may be necessary if these methods are to be taken forward. It may become apparent 
that although the elastic loading method for example does not supply an appropriate 
loading profile, its simplicity or modification my still warrant developments. 
6.3.4.2 Elastic Loading 
The key issue associated with elastic loading techniques is the natural force profile of 
elastic material as defined by Hooke's Law (Figure 6-18) i. e. the force generated by an 
elastic material is directly proportional to the extension of that material (Tipler and 
Mosca, 2004). 
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Figure 6-18. Comparison of elastic load against the 
force generating capability of the inspiratory muscles 
As lung volume increases during an inspiration the muscles' ability to generate force is 
reduced. Conversely, as elastic material is extended the force required to continue that 
extension increases. 
It still remains however, that the ability to grade panels or elements of an elastic 
garment so that different parts of the thorax receive changing stimulus provides useful 
functionality. These facts, coupled with the anisotropic properties (specific properties in 
a given direction) that can be achieved with modern materials are sufficient to permit 
further research. 
6.3.4.3 Friction Loading 
The initial judgment of the rotational friction device suggested that a decaying profile 
was not present. This however may not be true on further investigation of the 
behaviour of friction systems. Figure 6-19 shows that the very nature of friction 
between surfaces approximates a decaying force profile due to a phenomenon called 
stick-slip. The left hand image shows the schematic concept of this whereby a high 
force is required to overcome `sticking' between two surfaces as movement 
commences. This force then drops off ('slips') and remains essentially constant for the 
remainder of that movement. 
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Figure 6-19. Force velocity relationship caused by 
friction on two interfacing surfaces. The left hand 
image is a schematic representation of the right hand 
image taken from Persson (2000). 
The right hand image is slightly different example of the phenomena (Persson, 2000). 
The gradual decay observed is due to the lubricating properties of the interfacing 
materials i. e. the stick-slip is less prominent. This phenomenon could be transferred to a 
loading technology so that at the onset of an inspiration (sliding speed slightly greater 
than Om s 1) the force required to achieve motion is high. As the inspiratory drive and 
thoracic excursion increases during the inspiration the required force gradually reduces. 
Incorporating this function into a loading technology could be amplified by providing a 
changing mechanical advantage to the rotating friction disc by modification of the disc 
into a cam profile. This will receive further focus in the prototype chapter. The major 
limitation of the rotating friction device as per the title of this section is on comparison 
with the elastic technology. In order to achieve the same graduated loading across the 
thorax, multiple friction devices will be required increasing the weight of the device and 
potential for obstruction. This factor will also require focus in the following chapter (7.0 
Prototype Technology). 
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Chapter 7 
7.0 PROTOTYPE TECHNOLOGY 
7.1 Introduction 
This chapter describes the design decisions made and further development of the initial 
ideas as defined in Chapter 6 (Concept Solutions). The two alternatives have been 
narrowed down to a valve occlusion technology employing an electromagnetic actuator 
and a garment technology utilising either elastic material, friction elements or a 
combination of the two. Throughout this chapter the alternative designs will be referred 
to as either the occlusion valve or the thoracic loading garment. 
The completion of this chapter will result in a single device considered most suitable for 
application in a larger sample population. This device will attempt to fulfil all aspects of 
the Product Design Specification as well as providing the necessary functionality of a 
research tool. The steps taken to achieve this final aim include; specific calculations, any 
design iterations to enable development, communication of the final design hardware, 
any control and software requirements and finally the bench testing and proving 
process. 
7.2 Embodiment Design (Occlusion Valve) 
7.2.1 Introduction 
The following sections describe the processes involved in the design, development, 
manufacturing and proving of an occlusion valve inspiratory muscle training 
technology. Chapter 6 has highlighted the benefits of using electromagnetic sources of 
actuation and this section will therefore include any necessary calculations and 
specification of a suitable electromagnetic device as well as those required for selecting a 
suitable valve. The final design hardware will be a fully functioning bench technology 
i. e. aesthetics and package design will not provide the main emphasis of any decisions. 
The developed control system will need to be sophisticated for a device of this nature 
and will therefore be approached iteratively. This will involve the selection of 
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appropriate software, control hardware and a pc set-up in two stages. Initially this will 
involve the application of a single occlusion which can then be developed to provide 
the multiple load points as previously defined. The combination of this system and the 
valve prototype will form a test rig, which will then be presented and tested for function 
in the final sub-section before tackling the thoracic loading garment. 
7.2.2 Basic calculations 
7.2.2.1 Introduction 
The basic calculations to be considered in the development of an occlusion valve with 
an electromagnetic actuator are: 
" The laws of magnetism and the relationship between a magnet's holding force 
and the required loading pressure. 
" The ensuring of unrestricted flow of air sure that the through the device is in 
the valve's open position. 
" The area of the valve aperture to achieve the required unrestricted flow. 
7.2.2.2 Magnetism 
An electromagnet is simply a coil of wire that is usually wound around an iron core. The 
magnetic flux density (measured in Tesla) is proportional to the magnitude of the 
current flowing in the wire of the electromagnet. The key characteristic of an 
electromagnet is the ability to control the strength of the magnetic flux density and the 
polarity of the field (the poles are reversible). 
: ýI 
Figure 7-1. Basic schematic of an electromagnet with 
iron core and coiled wire. 
Below are two equations that help to describe Electromagnetic principles: 
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Maxwell's 2nd Equation in differential form: VH =J+ (dD/dt) 
This demonstrates that a changing electric field (dD/dt) and a current density vector (J) 
will create a magnetic field (H) (Popovic and Popovic, 2000). 
Magnetic Field due to a Straight Current Filament: B= '9 2, rr 
B is the vector magnitude of the magnetic field. The direction of the field is tangent to a 
circle on a radius r (m) from the wire, µ is the permeability constant (1.26x10-6Hm"') 
and I is the current in the wire (Popovic and Popovic, 2000). Essentially these show that 
the strength of an electromagnetic field and hence its ability to generate load is 
dependent on the quantity and radius of the wire used and the applied current. The pole 
position is determined by the direction of the current. During the developmental stages, 
stock electromagnets will be used and specification will be in terms of holding force and 
operating frequency. This basic magnetic theory shows that either a larger magnet or 
greater current will be required for larger holding forces. 
The forces required to load the inspiration will be provided by the magnetic field. This 
load, defined by the PDS and the earlier study on maximal inspiratory pressure is 
approximately 250cmH20. To enable magnet specification, this must be converted into 
SI pressure units (Nm-). 
lcmH2O = 98.07N-in-2 . '. 250cmH20 = 24517.5N"m 
2 
This value can be converted into a single force value using the equation, P=Ä. F is 
the force, P is the pressure and A is the area that the pressure is being applied over. The 
area value is defined in the following sections to complete the force calculations. 
7.2.2.3 Resistance to flow 
It is vital to understand how large the aperture (area that air can flow through) is 
required to be before designing the valve to ensure that the prototype design matches 
the respiratory criteria. The importance of aperture size can be seen by using Poiseuille's 
Lawn to identify the relationship between resistance to airflow and aperture size: 
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Poiseuille's Law: R= 
817l 
4 
R= Resistance, ^ý = viscosity of air, 1= length of tube and r= radius of aperture. The 
above equation can only be applied to lamina (non-turbulent) airflow. The resistance to 
flow decreases to the forth power as the radius increases. Thus if the radius of an 
aperture is doubled, resistance to flow is decreased sixteen times. As the length of the 
valve will be difficult to vary, and the viscosity of air impossible to vary, the radius of 
the aperture is the single most important variable in allowing the user to breath freely. 
7.2.2.4 Valve Area 
The valve area can be defined by the basic diameter of a simple tube (d, Figure 7-2). To 
decide upon a suitable tube diameter, the British Standards library was consulted. The 
British Standard (BS EN1281-1: 1997, Anaesthetic and respiratory equipment - conical 
connectors) for respiratory equipment refers to 5 alternative minimum diameters (8.5, 
15,22,23 and 30mm) for various respiratory equipment. These dimensions are 
specified in their suitability for different applications, for example paediatric use 
(8.5mm), general breathing systems (22mm) and connection to an anaesthetic gas 
scavenging system (30mm). This would suggest that a 22mm tube could be used to 
define the valve area however further discussions with a large manufacturer of 
respiratory equipment (Hans Rudolph, inc. USA) it has been recommended that the 
30mm dimension would be more suitable for exercise situations. Referring back to the 
importance of radius to resistance to flow of air this advice will therefore be adhered to 
within any valve design (a simple to test to confirm this was completed, see Appendix - 
Valve Area). 
/d , _\ 
ýý 
Figure 7-2. Highlighted area of aperture or tube, d= 
diameter 
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The geometry of most valve designs has the valve component seated above the aperture 
thus allowing air to flow only through the cylindrical gap between the valve seat and the 
valve itself (Figure 7-3). This consideration requires a second variable for the area 
calculation. The aperture size is now determined by both diameter (d) and separation 
(h). By calculating the area of a circle using the standard diameters provided and then 
using these figures in a cylinder calculation it is possible to determine appropriate 
diameters and separation distances critical to electromagnetic devices for use in the 
valve. 
Figure 7-3. Alternative aperture area to be calculated 
The required area (A) is defined by A= nr2 (area of a circle, r= circle radius = d/2 = 
15mm) 
itr2 = 22571 = 706.86mm2 
Cylindrical area, A= 21[rh 
To calculate h, 706.86 = 2itrh . ". h= 
112.5 
r 
If the 30mm diameter is to be used then h=7.5mm, which may be too large for good 
electromagnetic functionality. This will be addressed later in the chapter. 
The information gathered above now allows for the calculation of the peak loading 
F 
force (F) from P==. Firstly the pressure value must be converted to millimetres. 
1N M-2 = 0.000001N MM -2 . '. 24517.5N IM-2 = 0.0245N mm-2 
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F=PxA=0.0245 x 706.86 = 17.32N 
These values can now be used in the selection and development of the initial ideas. 
7.2.3 Design Iterations 
7.2.3.1 Introduction 
The design iterations describe the steps taken to perfect individual components of the 
electromagnetic bench technology. The first component to be considered is the 
electromagnetic devices, their control and their configuration within the unit. Secondly, 
the valve interface itself will be approached in terms of the methods used to control 
travel and seal. This will be followed by the development of a mock-up rig that will 
offer the basic functionality of a final rig design. 
7.2.3.2 Electromagnet Testing 
As an electromagnet has the ability to be turned on or off, and as the valve is only 
required to be a simple open-close mechanism, it makes sense to employ two 
electromagnets. The power supply can be alternated between the two magnets using a 
simple switching circuit and thus they will be able to pass the valve backwards and 
forwards between themselves. The following Figures (7-4,7-5 and 7-6) show three 
alternative configurations. 
S 
N 
Figure 7-4. Possible electromagnet configuration, 2 
double pole magnets and metallic plate 
Figure 7-4 describes a set-up with two double pole magnets (both South and North 
poles on the same face) either side of a plastic valve plate with a central ferrous insert to 
locate onto the magnets. The main benefit of double pole magnets is the increased 
holding force compared to single pole magnets. A negative aspect of this configuration 
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is that the magnets will need to be close to the valve to overcome the separation issues. 
This may cause the magnets to interfere. 
Figure 7-5. Possible solenoid/electromagnet 
configuration, 1 solenoid fixed to valve and 1 double 
pole magnet 
In an attempt to overcome the separation problem, the addition of a solenoid (Figure 7- 
5, left hand side) could be useful. The solenoid has a more effective range but for the 
equivalent size the holding force is sacrifice. By keeping a double pole magnet in the 
configuration the high load capabilities are maintained. 
The third and final configuration for consideration involves the use of single pole 
electromagnets. The metal insert in this set-up is replaced by a permanent magnet with 
opposing poles on each face. The key benefits of this configuration over both of the 
previous designs are the ability to maintain a high holding force (electromagnet and 
permanent magnet combined) and that the current direction can be changed to cause 
alternating repulsive and attractive forces. This function will help to overcome the 
separation issues by assisting the movement of the valve between the electromagnets. 
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Figure 7-6. Possible electromagnet configuration, 2 
single pole magnets and permanent magnet plate 
Descriptively, it seemed that the final solution employing two single pole magnets and 
permanent magnet insert was most suitable. A test was however designed to confirm or 
disprove this theory. A small test rig (Figure 7-7, left hand image) was developed for 
this purpose that allows the separation distance to be altered. 
Am OL, 
Figure 7-7. Separation testing rig and power supplies 
The vertical supports slide along the base section and can be locked into position via a 
nut and bolt. The electromagnetic devices are pre-tapped and held horizontally by 
screws. A plastic plate with either a ferrous or permanently magnetic insert represents 
the valve. Figure 7-7 shows initial testing of the single pole magnets with the normal 
ferrous valve powered by two 12v supplies. The pins that can be seen intersecting the 
valve were added to stop the valve dropping to the bench when the power was turned 
off. 
The test procedure involved the alternate switching of the electromagnetic devices 
starting at a separation of 0.5mm. This distance was then increased in 0.25mm 
increments until the valve failed to locate onto the second magnet on at least 3 out of 5 
attempts. In order to achieve this with all configurations, additional functionality was 
necessary. For the solenoid and single pole magnet configuration to work easily the 
polarity needs to be reversed so that the solenoid can work in both directions and the 
permanent magnet can be repelled and attracted. A toggle switch was placed into the 
circuit between each electromagnet and the power supply to provide this facility. 
With this switch in place and tested for functionality the following results were obtained 
(Tables 7-1,7-2 and 7-3). The last nine separations are shown and allocated either a 
`PASS' or `FAIL' and all positions prior to that can be considered to be a `PASS'. 
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ýz . ý, ý_ 
Distance 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 
(mm) 
Valve PASS PASS PASS PASS PASS PASS PASS PASS FAIL 
Moved 
Table 7-1. Double pole magnet 
Distance 
(mm) 
1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 
Valve 
PASS PASS PASS PASS PASS PASS PASS PASS FAIL 
Moved 
fable 7-2. Solenoid/ Double pole magnet 
Distance 4.75 5.00 5.25 5.50 5.75 6.00 6.25 6.50 6.75 
(mm) 
Valve PASS PASS PASS PASS PASS PASS PASS PASS FAIL 
Moved 
Table 7-3. Single pole magnet/Permanent magnet 
The third configuration is without doubt the most effective of the three alternatives 
(6.5mm distance achieved compared with 2.25mm and 3mm). It is felt that this 
performance could be further achieved by including a more powerful magnet. There is a 
possibility that this development may also provide options for improved functionality. 
For example, a permanent magnet of sufficient strength may provide the required 
holding force thus potentially allowing the electromagnets to act as switches. This 
would mean that the electromagnets would only need to be activated for a short period 
(pulse) to repel the permanent magnet so that it switches to its alternative position. The 
main benefit of this pulsing of the power supply would reduce heat output and power 
consumption. 
The permanent magnet used in the initial test consisted a standard ceramic magnet 
however there are rare earth, Neodymium magnets available that have substantially 
higher holding forces per volume of material. The ceramic magnet has a holding force 
of approximately IN from a disc of diameter 15mm, and thickness 5mm, requiring the 
electromagnets to be powered in their opposing poles at all times to achieve the 
necessary load. A Neodymium magnet of only 9mm diameter and 3mm thickness has a 
holding force of 14N. The benefits associated with this go hand in hand with the 
described potential for using a pulsed power supply. 
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Using only pulses of power reduces the drain upon the power supply and subsequently 
any heat generated. The reason that this could not be achieved using the ceramic 
magnets is that they do not provide the necessary holding force to generate the load 
against the inspiratory effort without the additional forces from the electromagnet. The 
introduction of a Neodymium magnet will allow the inspiratory load to be applied 
without the aid of the electromagnets, which can be used to pulse a matching polarity to 
repel the magnet. In this situation the magnet will jump away from the repulsion and 
attract to the ferrous core of the un-powered electromagnet. 
A set-up to incorporate the Neodymium magnet into the separation-testing rig was 
therefore constructed, however unforeseen problems did occur. It seems that the 
repulsive forces generated by an electromagnet are far smaller than the attractive 
holding forces and with the Neodymium modifications, the valve would not move 
between the electromagnets. It was concluded that the net force was in favour of the 
permanent magnet as demonstrated in Figure 7-8. 
IN 14N 
Electromagnetic- ý- Iron Core 
Repulsion Attraction 
Figure 7-8. Diagram to show the inequalities of the 
magnet attraction/ repulsion 
A solution to this problem was found. It was discovered that increasing the voltage 
through the electromagnets to approximately 30V caused the desired jump to the 
second magnet. A primary concern, however, was the associated heat generated from 
the overloading of the electromagnets to this degree (operating range should be 0 to 
12V as per manufacturer's specifications). In order to protect the electromagnets from 
overheating, control of the pulse of power must be carefully considered. 
The solution was to employ a solid-state switch (Mosfet) controlled by a pulse 
generator. The pulse generator can then be used to minimise the magnet ON time thus 
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reducing the heat issue. The solid-state switch is used to isolate the high voltage from 
the magnet and protect the pulse generator. This set-up was simulated using the 
displacement-testing rig with a Neodymium valve in place. The output of the pulse 
generator was then connected to the Mosfet and an oscilloscope so that the pulse could 
be visualised and adjusted to meet specific pulse geometry. Figure 7-9 shows the lab set- 
up and the wiring diagram. The wiring diagram highlights the position of the magnet in 
relation to the Mosfet, the pulse generator and the power supply. A resistor located 
between it and the power supply protects the Mosfet. 
Figure 7-9. Diagram and image showing control 
system incorporating MOSFET solid-state switch, 
pulse generator and oscilloscope 
+30 
0 
A combination of pulse widths and voltage were tested to find the best compromise of 
valve functionality and reliability. Ideally the solution would have a low voltage so as to 
minimise heat production and this would be applied in as short a pulse as possible to 
ensure a minimal cycle time. 
P=Pass F=Fail 28v 30v 32v 
10ms FFFFF FPFFP PPPPP 
15ms PFPFF PPPPP n/a 
20ms PPPPP n/a n/a 
Table 7-4. Testing of different pulse widths and 
voltages 
Table 7-4 shows that the best compromise of minimising voltage and pulse width is a 
15ms, 30v pulse. The n/a represents an unnecessary test. The pulse was generated by 
manually pressing the start button on the pulse generator. Following any decisions on 
the final valve geometry this electrical system can now be incorporated into a breathing 
rig for dynamic testing. 
NIOSFET 
G= GATE 
D= DRAIN 
S= SOURCE 
Ekctromapýet 
Pulse Generator 
r__-- 
ýD 
-fl- iS 
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7.2.3.3 Valve Design 
The basic valve geometry takes inspiration from threshold-pressure loading devices 
(check valve), which achieve a seal by attaching an `o' ring seal to the valve edge and 
seating it on a chamfer (Figure 7-10). 
Figure 7-10. Potential configuration of valve seating 
arrangement 
The valve seating arrangement is critical for the functionality of this device. The valve 
must have suitable guidance so that the effects of gravity or orientation do not remove 
the ability to locate the valve on each magnet at the point each time the polarity is 
switched. The valve travel must therefore be aligned somehow. The assembly for this 
design iteration is described by Figure 7-11 with the inclusion of guidance rails. 
Guide rails 
Magnet 
Support structure 
Figure 7-11. Occlusion valve design iteration for 
testing assembly 
The assembly shown in Figure 7-11 is positioned into the outer tube with a central 
shoulder similar to that highlighted in Figure 7-10. The support structures are fixed to 
the outer tube by grub screws. The support structures also provide fixing for the 
magnets via large screw allowing fine-tuning of position. The valve is suspended 
between the magnets by three guide rails 
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The guide rails however may compromise the seal and any slight error in manufacture 
will cause the valve to rub against the rails and reduce the freedom of movement. The 
valve must therefore be self-aligning between the electromagnets. The next design 
alteration will therefore be the replacement of the `o' ring and chamfered edge with a 
gasket type seal, which will permit a butt alignment (Figure 7-12). 
Figure 7-12. Modified valve seating configuration 
The alignment is then achieved by extending the valve to the inner walls of the outer 
body that act as a guide. Obviously this would completely seal the device so additional 
apertures within the valve are provided outside the seal perimeter. 
7.2.3.4 Mock-up Rig 
All the elements of the mock-up rig are now ready for manufacture and assembly and 
initial testing. Figure 7-13 shows the main components that have been machined from 
Delrin®, a nylon based polymer. Shown are a support structure (central image), the main 
outer body (left hand image) and the valve (right hand image). The electromagnets are 
not shown. The valve has 13,8mm diameter holes to maintain the required 706.86mm2 
inlet area. These holes are positioned around the outside of the gasket seal, which has 
been laser cut from natural rubber. Located in the centre of the valve is a Neodymium 
magnet (9mm x 3mm) with loading capabilities up to 14N. 
Figure 7-13. Main component parts of occlusion 
valve assembly (magnets not shown) 
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The remainder of the rig comprises flow (low flow, General Methods) and pressure 
transducers connected to the Biopac (Biopac Systems, Inc., Santa Barbara, CA, USA) 
data acquisition set-up and laptop described in the General Methods chapter. There are 
also two pulse generators, a 30V power supply and the Mosfet interconnection. Figure 
7-14 shows the complete rig with the electromagnetic device attached to the low flow 
transducer. 
Figure 7 tesnng set-up 
The main aim of the mock-up rig is to provide a single occlusion at a specified lung 
volume during a single inspiration. The next stage development of the final bench test 
rig will provide the desired multiple load points. The low flow transducer (pneumotach) 
has been chosen, as it is best suited to analyse single breaths. Figure 7-15 shows the 
transducer connected to the electromagnetic device. The blue tube at the mouthpiece 
end is the connection to the pressure transducer. 
JMPML-I'O"ý 
Figure 7-15. View of occlusion valve connected to 
low flow transducer and mouthpiece with pressure 
tap 
7.2.3.5 Single Breath Controlled Occlusion 
The main aim of developing the electromagnetic device to this stage was to achieve a 
single occlusion to an inspiration at a specified lung volume. The mock-up rig can now 
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provide the required functionality. In order to best explain this functionality it is most 
useful to view the schematic layout (Figure 7-16). 
Data 5v 5v 
Acquisition Pulse Pulse 
Gen I Gen 2 
Mosfet 30V 
Circuit H supply 
Pressure II (30V I30V 
Transducer 
Pneumotach "111 2 
Figure 7-16. Schematic of complete occlusion valve 
set-up 
Figure 7-16 represents the complete set-up shown in the previous photograph (Figure 
7-14). The pneumotach and pressure transducer are connected to the data acquisition 
unit separately from the occlusion valve. The transducers connect directly to a signal- 
conditioning unit that amplifies the analogue signal so that they are suitably scaled and 
calibrated for the data acquisition unit. Each of these signals is displayed as separate 
continuous traces on the laptop display measured in 1 s"1 (flow) and mb (pressure, 1 mb 
= 1.02cmHZO). The Acknowledge 3.7 software has the capability to generate further 
calculation channels. In total 6 channels were used for this process. As well as the two 
analogue channels, the flow transducer data was integrated in real time to provide 
volume (1). This channel was then again integrated to obtain accumulated values (1). The 
reason for this was to ensure that a volume value was achieved only once so as to 
generate only one control output per breath for this channel. The final two channels 
were set as control outputs. These channels can be set to generate trigger signals to 
change the digital state at the digital outputs between high (5V) and low (0V) depending 
on the condition of the other analogue or calculation channels. Each of these digital 
outputs is physically connected to the pulse generators, which are in turn connected to 
the occlusion valve, 1 per electromagnet via the Mosfet switches. 
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The protocol for this feasibility testing required an operator and a single subject with 
good practice at completing inspiratory manoeuvres. Before each manoeuvre the 
subject was instructed to empty their lungs to RV at which point the operator started 
the data acquisition. The subject then completed a slow inspiration. At the preset 
volume trigger the valve was shut while the subject maintained the inspiratory effort. 
With the airflow occluded the mouth pressure increased. As the subject reached the 
preset pressure value the valve was reopened and the inspiration was then completed. 
At the completion of the inspiration the data acquisition was halted and reviewed. 
A simple control loop for the above prototype valve can be used to define functionality. 
Figure 7-17 shows this step-by-step process to achieve a single occlusion (load = q) at a 
specific volume (n). 
Set Pressure 
signal, q 
Set Volume ý Start ý Valve 
signal, n inspiration OPEN 
If Volume= n 
l5ms, 30v 
Magnet 1 Activate Overcome 
closes valve 
H 
pulse 1H load 
If Pressure =q 
95ms, 30v 
Magnet 2 Activate Complete 
opens valve pulse 2 inspiration 
Figure 7-17. Control flow of occlusion valve 
The contrived nature of the inspiration was necessary in order to minimise anomalies in 
the acquired data. The inspiration can be progressively more natural as confidence in 
the equipment becomes greater. 
Prior to the first volume dependent load, a test of the maximal loading capabilities was 
completed. The theoretical maximum force that can be generated by the permanent 
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magnet is 14N, which is below that of the required 17.32N as previously defined, but 
this is not considered a problem with the availability of higher force magnets e. g. a 
10mm x 5mm Neodymium magnet has a holding force of 25N, which could be 
purchased and fitted to replace the current choice. Repeated tests were completed 
which, for the given valve geometry, provided a peak load of approximately 120mb. 
Figure 7-18 shows the pressure trace and values taken directly from the display. The use 
of screen prints helps to describe the functionality of the Acknowledge (3.7) software. 
For the volume specific load, the pressure signal was set at 80mb to occur at 0.51 into 
the manoeuvre. This sub-maximal load was chosen, so as to reduce any detrimental 
affects upon the overall inspiration. 
204 
Figure 7-18. Screen print of pressure generation, the 
black line shows where the valve opened 
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Figure 7-19. Screen pant of all traces, airflow, 
pressure, volume, accumulated volume, volume 
trigger and pressure trigger 
Figure 7-19 is a screen print of all of the channels and traces produced during the first 
test. The top trace is that of the airflow. At the onset of the inspiration the airflow 
increases to a peak and is then abruptly halted. It is at this point where the 0.51 trigger is 
initiated. This is also be defined by the early small spike in the volume trace (3`d from 
top) and the square wave produced on the volume trigger trace. At this point the 
pressure trace also changes. At the onset of the inspiration there is a gradual change in 
pressure (this is an anomaly and is explained in the following sections) and then at the 
time of the volume trigger, the pressure increases sharply. This is the point at which 
occlusion takes place. During this time the airflow trace falls back to zero and the 
pressure increases until its magnitude matches the threshold value set (80mb). At this 
point, a square wave is produced on the pressure trigger trace opening the valve, the 
pressure then falls back to the residual value and airflow is initiated which, although 
high at first, gradually drops back to zero when the inspiration is completed. These 
traces show that the device has functioned correctly. 
There are a few anomalies associated with the pressure and flow analogue signals that 
can be explained with the aim to remove them in further developments. 
ý _. 
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Figure 7-20. Anomalies of pressure and airflow 
traces 
Negative Airflow - When the valve shuts there is a brief reading of negative airflow 
(Figure 7-20, left hand image). This is most likely due to the change in direction of the 
pressure drop during the valve occlusion. The pneumotach functions by measuring the 
pressure drop across channels with geometry that provides laminar flow. As the valve 
jumps across to the second magnet and the closed position in a direction opposite to 
that of the inspiration, there is a pulse of airflow generated in the same direction as that 
of the closing valve. This pulse causes a brief negative spike across the pneumotach. 
Inherent Pressure - The pressure profile shows that negative pressure is generated 
before the valve is closed (Figure 7-20, middle image). It also remains below zero after 
the valve is opened. This small initial pressure is due to an inherent resistance to airflow 
produced by the prototype valve. An increase in the number and/or diameter of 
apertures in the valve would reduce or eliminate this effect. 
Capping of Airflow - At approximately 41 s-' the airflow profile seems to remain 
constant until the reading falls below, thus a plateau is created (Figure 7-20, right hand 
image). This `capping' of airflow is an unavoidable problem with the pneumotachs 
ability to record values above 41 s' due to its physical dimensions that can only be 
altered by the manufacturer. At the time of this experiment only the low flow 
transducer was available. To overcome this problem, further design developments will 
include the application of the high flow transducer (2.0 General Methods). 
These anomalies aside the device has demonstrated that it can function correctly and 
the next is therefore to ensure that it can function at a range of variables. To achieve 
this, the volume trigger was set in 0.5 litre increments from 0.5 to 6.0 and at each 
volume specified, the test subject was required to achieve increasing target pressures 
from 30mb to 120mb in 10mb increments. Each test was a single-effort (the valve shuts 
once), as in the previous test. A data acquisition trace was plotted and recorded for each 
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test. Table 7-5 shows whether or not the subject was able to achieve the target pressure 
and re-open the valve (P = Pass, F= Fail and n/a = No test due to previous failure). 
30mb 
0.51 P 
1.01 P 
1.51 P 
2.01 P 
2.51 P 
3.01 P 
3.51 P 
4.01 P 
4.51 P 
5.01 P 
5.51 P 
6.01 F 
40mb 50mb 60mb 70mb 80mb 90mb 
P 
P 
P 
P 
P 
P 
P 
P 
P 
n/a 
100mb 110mb 120mb 
P P P P P 
P P P P P 
P P P P P 
P P P P P 
P P P P P 
P P P P F 
P P P F n/a 
P P F n/a n/a 
P F n/a n/a n/a 
F n/a n/a n/a n/a 
n/a n/a n/a n/a n/a 
n/a n/a n/a n/a n/a 
Table 7 -5. Pressure and volume occlusion tests 
Table 7-5 demonstrates that the occlusion valve can successfully operate within user- 
defined parameters. The results are consistent with previous tests of MIP across the 
complete lung volume in that decay in pressure generating capability is seen at 
increasing lung volumes. There does seem to be an anomaly between 2.5 and 31 
however these results may be specific to the tested individual. In fact if this test were 
repeated using much smaller increments, an accurate maximal pressure-volume curve 
for this individual could be identified. This however is not the purpose of this 
equipment. 
There are potential problems regarding the future development of this device that have 
arisen. Under these test conditions the time taken to achieve the different pressure 
trigger values vanes a great deal. Comparing two traces at either end of the scale; 1) 
Volume Trigger 1.5 litres, Pressure Trigger 30mb, and 2) Volume Trigger 1.5 litres, 
Pressure Trigger 120mb, very different traces are generated. 
P P P 
P P P 
P P P 
P P F 
P F n/a 
n/a n/a n/a 
n/a n/a n/a 
n/a n/a n/a 
n/a n/a n/a 
n/a n/a n/a 
n/a n/a n/a 
n/a n/a n/a 
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Figure 7-21. Screen print with volume trigger (1.51) 
and pressure trigger (30mb) settings 
Figure 7-21 demonstrates that achieving a low pressure at a low lung volume was a 
relatively easy manoeuvre. The pressure is achieved quickly and the valve is only shut 
for a brief amount of time. The airflow profile demonstrates the electromagnet's ability 
to open and close the valve almost instantaneously. Figure 7-22 shows that by 
increasing the required pressure to 120mb, the difficulty to complete the manoeuvre is 
dramatically increased. The extra effort in achieving the higher pressure at the same lung 
volume is demonstrated by the length of time taken for the test subject to attain the 
required pressure level. The potential problem is therefore the effect on breathing 
pattern that multiple, varying loads is likely to have. This is a problem that will need to 
be refined or eliminated in the future development of the final design. 
One final test with this device in its current set-up is to attempt multiple loading upon 
the single breath. To perform a triple-effort (valve shuts three times) test the data 
acquisition software needs to be adapted to include three volume triggers. In achieving 
this the `Accumulated Volume' trace was removed and the `Volume' channel re- 
calibrated to perform its function (the reset value was set to 20 litres to ensure that the 
reset value would never be achieved). Two additional `Volume Trigger' channels were 
then added alongside the original. These three volume triggers were set to 1,2 and 31. 
For the initial test only one pressure trigger was implemented, permitting all the volume 
triggers to open at the same pressure. The pressure trigger was set relatively low (30mb) 
to ensure the test subject could achieve it three times. 
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Figure 7-22. Screen print with volume trigger (1.51) 
and pressure trigger (120mb) settings 
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Figure 7-23. Screen print showing the multiple 
occlusion test (1,2 and 31 at 30mb). 
The traces produced (Figure 7-23) clearly identify that all three loads were successfully 
completed. The pressure trigger fires three times, with each pressure signal following its 
corresponding volume trigger. The volume channel also registers three plateaus, during 
which the volume increase is postponed. The only abnormality specific to the multiple 
volume-trigger trace is the duration of `Volume Trigger 2'. The 5V trigger signal to the 
pulse generator is produced for a greater length of time than the other signals, however 
it does not relate to any other errors within the breath. It does not affect the desired 
functionality and is therefore considered to be unimportant this stage. 
The final and logical iteration of the multiple volume-trigger tests is the introduction of 
varying, multiple target pressures. This would allow the selection of the required 
decaying profile to match the pressure generating capabilities of the inspiratory muscles. 
To achieve this two additional pressure triggers were added with the aim of providing 
three separate loads beginning with 120mb, 70mb and finally 30mb. Unfortunately, 
during testing a weakness in the data acquisition system was identified. The lowest 
pressure trigger fired for all three volumes, this was because it was constantly achieved 
before the other two (pressure returns to zero each time the valve is opened). There is 
no opportunity within the software to force the order of these pressure triggers. The 
final design must therefore include additional control hardware to ensure that sequential 
decaying loads are achievable. 
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7.2.4 Final Design Layout 
7.2.4.1 Mock-up Modifications 
The major hurdles that the final design must overcome as defined by the mock up rig 
are: 
" Elimination or reduction of the negative air pulse generated by the closing valve 
in its current orientation. 
" The successful application of multiple, sequential pressure loads over a varying 
or decaying profile. 
" Control of the occlusion duration to minimise any detrimental affects upon 
breathing pattern. 
Firstly, considering the negative air pulse as caused by the closing valve, a simple 
modification of the orientation is believed to be sufficient to reduce this affect. Rather 
than the current, `closing down' (6.2.4 Valve Selection) orientation the unit can be 
reconfigured to provide a `sliding' occlusion whereby the valve occludes in a direction 
perpendicular to that of the airflow. The key obstacle in creating such an orientation is 
the preservation of the small valve travel (2-3mm). Figure 7-24 demonstrates the next 
development. 
\ 
Figure 7-24. Second generation sliding occlusion 
valve 
Figure 7-24 shows two views of the sliding valve. This design consists of an outer casing 
with a main tube for connection to a breathing circuit and slots in the front to permit 
the flow of inspired air in the open position. To achieve the occlusion over 3mm a 
spool insert is used (left hand image, blue component). Its rings are fractionally larger 
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that the slots on the outer casing and the gaps are identical in width to these. The result 
is that over a small valve displacement the flow of air can be occluded by the 
simultaneous occlusion of the slots. Two permanent magnets are embedded into each 
end of the valve opposite end caps that incorporate the electromagnets. 
One problem that was found with this design is that the opening area on the rig-side of 
the valve has been reduced. Modification of the spool valve by cutting away the excess 
material does however eliminate this. In this form however the valve needs to be fixed 
in orientation to ensure that no rotation within the casing takes place. Figure 7-25 
shows the spool valve rotated by 180-degrees so that the cut away section can be seen. 
Figure 7-26 shows the design in its build form. Notice that a block has replaced the tube 
shape and further slots have been added to maximise the aperture area. The reason for 
the geometry change is to aid the process of turning and milling the unit out of a single 
block. 
jw, Figure 7-26. Iteration two sliding valve with block casing 211 
Figure 7-25. Modified spool valve 
Preliminary testing with this unit was completed using the original manual switching 
circuit (7.2.3.2 Electromagnetic testing) and pulse generator set-up. With this set-up it 
was presumed possible to toggle the valve between the two electromagnets by pulse 
each one in turn. The successful completion of this test would have been followed by 
tests at various frequencies. Unfortunately the desired functionality could not be 
reached, in fact the valve would move either erratically and slowly or not at all with the 
valve occluded and a negative pressure being generated. 
The reason for this was perceived to be a combination of the electromagnet position, 
valve inertia and the lack of exhaust for air trapped in the valve pocket. However, with 
the electromagnet position optimised in terms of valve travel and separation distance no 
improvement was seen. A slight improvement was discovered with only one 
electromagnet in position thus eliminating the need for exhaust for trapped air. Under 
negative pressure however this improvement was negated. It was therefore clear that 
further modifications were necessary. 
The final design includes the majority of the previously described elements however the 
major modification is the replacement of the electromagnet/permanent magnet 
configuration with a high power solenoid. Whilst a solenoid at the required specification 
does not compare to the minimal size of the electromagnets, the ease of use and 
functionality of the solenoid are necessary for the next stage of the project. The aim is 
therefore to test the application of the rig in principle with the use of a solenoid and 
further develop this technique into an ambulatory package employing alternative 
compact actuators at a later stage. 
The chosen solenoid (Type GFC, Emessem Solenoid Company Ltd., UK is a stock 
item and has been specified to provide a compromise between pull force, speed of 
actuation and armature displacement. It is a 24V dc solenoid with a maximum armature 
stroke (displacement) of 11mm, peak holding-force of 52N (min. 17N) and maximum 
operating frequency of 4.4Hz. It also has an additional spring return attachment 
providing `energise to pull' functionality whilst ensuring a maximum extension or return 
to position in the absence of the voltage. The properties mentioned are based upon a 
single solenoid stroke and therefore do not match the current requirements; in fact the 
operating frequency is far below the 10Hz peak as per the PDS. Under the defined 
environment and operating conditions (3mm stroke and 18N holding force) however, it 
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is predicted that the solenoid will exceed the requirements with an improved operating 
frequency of greater than 10Hz and an even larger scale increase in holding force. 
Electrical connection Spring return 
o =_ 
A- ----------------- -- --B 
o 
Solenoid body Armature 
Figure 7-27. Solenoid with spring return 
At either end of the solenoid there are fixing points (Figure 7-27, A and B) achieved via 
a screw thread, which is external at A and internal at B. If necessary, the fixing screw at 
B could be replaced by a small section of thread to achieve the same external thread as 
at A thus allowing simple connection to the valve at either end. There are two possible 
configurations, energised to open the valve and energised to close the valve. The most 
sensible configuration would be to ensure that the valve is energised to close thus 
allowing the spring to open the valve in the occurrence of an electrical failure. 
To incorporate the solenoid into the sliding valve assembly to provide energise to close 
functionality, slight modifications are required to the spool valve itself. Figure 7-28 
shows these subtle modifications. The main change is obviously the removal of the 
permanent magnets and their replacement with a tapped hole to match a thread on the 
solenoid armature. 
213 
Figure 7-28. Next modification of spool valve 
The final assembly of the rig is shown in Figure 7-29. The solenoid is attached to the 
sliding valve via a screw thread and adjusted to provide the 3mm valve travel. 
Connection to the main outer body is by a section of 1-shaped aluminium and four 
screws. The outer body does not have any caps to seal in the valve as per the discovery 
of the negative affects of this demonstrated by the permanent magnet device. Due to 
high tolerances this has minimal effect on the achievement of the occlusion. 
Figure 7-29. I iniil niauutucturcd iteration 
valve 
ýI; ding 
To give the unit functionality it must be incorporated into the bench rig. Many of the 
components required by the permanent magnet device remain with slight adjustments 
to settings and configurations. This activity was completed in two stages. The first stage 
was to test maximal frequency and the second was to coordinate the occlusion with a 
user's inspiration. 
From the solenoid specification the maximum oscillating frequency would be to the 
order of approximately 4.4Hz. To test the maximal oscillating frequency with the new 
valve configuration the same power supply, pulse generator and oscilloscope were 
employed. The results were determined by the weakest component of the solenoid, the 
return spring. In the final set-up, the return spring achieved a minimum time to close of 
40ms. A complete oscillating cycle therefore takes 80ms providing a maximum 
operating frequency of 12.5Hz (in reality, 12Hz). Further tests were completed 
extracting slightly faster frequencies due to the magnets capability to achieve occlusion 
in 25/30ms. If this is to provide practical in application the control hardware must be 
capable of splitting the opening and closing segments of the operation (the tests 
completed, used an oscillating electrical pulse). In conclusion however, the 12Hz 
capability is beyond the 10Hz requirement of the PDS. 
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In order to fully provide this functionality a sophisticated control system must be 
incorporated into the rig (Figure 7-30). The complete rig would then comprise the 
sliding valve connected to a one-way valve, which in turn is connected to the high flow 
transducer. The mouthpiece is connected directly to the flow transducer via a tube 
interface, which also includes a tap for of the pressure transducer. The outputs from the 
transducers then connect to the data acquisition unit as previously however the signals 
are split at the sources allowing further connection to the control hardware and a user 
interface. 
Inspired Air 
Data acquisition 
7.2.4.2 Control 
Pressure 
Figure 7-30. Complete schematic of sliding valve set- 
up. 
User Interface 
In order to provide functionality to the valve there are two components that must be 
identified and added, these are the control hardware and user interface. Figure 7-30 
shows a representation of the layout of the user interface and control hardware and this 
section will therefore define the specific equipment and design additions to be taken. 
The desired functionality of the occlusion valve as defined in the PDS can be broken 
down into a basic control steps represented by the diagram explained in section 6.2.3 
Control Solutions (repeated in Figure 7-31). This description will aid the selection of 
suitable control hardware and software. 
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Figure 7-31. Sliding valve control flow diagram 
The basic requirements must therefore be the ability to monitor the analogue signals of 
the pressure and flow transducers and produce coordinated digital signals to achieve the 
solenoid activation. The associated software must provide the investigators and users 
with the option of manipulating each point load relative to an individual's MIP and 
breathing characteristics. Finally the rig must be able to time the duration of a breath 
and perform the necessary calculations and amendments to the loading profile in real- 
time. This could be achieved by a secondary unit or within the chosen control hardware. 
The chosen control hardware consists of a Multi-function Data Acquisition PCI card 
(9112 series, ADLINK Technology Inc., Taiwan), which amongst many features has 16 
analogue IO ports, 16 digital IO ports and a possible output range of ±10 volts (to 
match the conditioned signal of the flow and pressure transducers). The device arrived 
with drivers allowing several alternative programming languages to be used for software 
design. The languages `call' specific functions for different card applications. The 
language chosen for further development was Visual Basic® (version 6.0, Microsoft, 
USA). This programming language generates software similar to that used in the 
Microsoft Windows environment and the final product would therefore be familiar to 
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most end-users. A PC was acquired to contain the control PCI card, to enable software 
development and finally to act as the user interface. 
In order to achieve the end functionality and to improve skills in using the 
programming language the development method took place in iterative steps. This was 
via the completion of the three main aspects (pressure measurement, solenoid activation 
and breath duration timer) of the end solution as separate programs followed by their 
combination. The card was supplied with a library of sample software and development 
tools. Of these, one in particular proved to be most appropriate to the current 
requirements. Figure 7-32 shows the interface of this sample software. 
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32. Sample software interface (9112 
Double-buffered DMA). 
This software provides the functionality of a continuous 8-channel (0-7) voltmeter with 
variable range (±5V in Figure 7-32), buffer size (500 samples in Figure 7-32) and 
sampling rate (10KHz in Figure 7-32). If a voltage source e. g. ±5V as per Figure 7-32, is 
connected to one or all of the respective analogue inputs the magnitude is displayed as a 
yellow line on the dark rectangular area. As the voltage magnitude is varied the trailing 
position of the line moves to a new position on the display. It is the very basic elements 
of this program that provided a significant aid to the development of the occlusion 
valve program. The main differences were that only a single analogue channel (0, 
pressure signal), a fixed sample rate (10KHz), a fixed buffer size (500 samples) and a 
fixed range (±10V) was used. 
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The next step was therefore to strip the program down into its most simple form so as 
to display the value on a single channel. To achieve this a program called Readiest was 
created. On activation of a `Read' button the program instantly displayed in a textbox, 
the un-scaled value on the specified channel at that time. 
The next test was to ensure that the card could successfully drive the solenoid switching 
at the required frequency (SolTest). A form (a form is the software's name for an 
interface) consisting `Go' and `Stop' buttons and two textboxes, one large and one 
small, which provided this functionality by the implementation of a timer. Timers can 
be added to the software using either the cards in-built timers or the PC clock. In this 
case the PC clock was considered suitable. The clock interval can be used to provide the 
rate at which a command is carried out and in this case was determined by the value 
entered into the larger of the two text boxes. If an interval of 40 was entered, for 
example, a digital channel could be programmed to open the Mosfet for 40ms. By 
setting logic gates, this `on' signal was automatically flipped to send an `off' signal for 
the subsequent 40ms. The result of this reciprocating logic was a fully controllable, 
oscillating solenoid (80ms cycle, 12.5Hz frequency in this example). 
The smaller textbox displayed the changing logic state of the digital channel, 0 (solenoid 
open) or 1 (solenoid closed). The whole function was coordinated using the `Go' or 
`Stop' buttons. 
Prior to the final form layout definition the breath duration timer function was also 
approached. The final form used to provide this application was called Timer2. This 
program tested the cards ability to process two different digital input signals and 
measure the changing time lapse between them. The data acquisition system and the 
flow transducer were used to generate the digital signals. Control channels were set-up 
on the data acquisition system similar to those used in the single breath occlusion test to 
produce digital spikes at the point of change of direction of airflow i. e. at the beginning 
of an inspiration and at the beginning of expiration. The time between the two was then 
used to approximate the duration of inspiration. 
The program (Timer2) was designed to emulate the process of applying ten point loads 
at a rate dependent on breath duration. Two textboxes, Line1 and Line2, in the form 
display the logic state of the digital channels. Linel and Line2 arbitrarily display 0 before 
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breath 1 until a signal that an inspiration has started is received changing the Linel 
display to a 1. At this point a timer is started. As soon as the Line2 state changes from a 
0 to a1 triggered by expiration the timer is stopped and the resulting time lapse is 
displayed in a large central textbox. At the commencement of the second inspiration a 
fourth, small textbox acts as a counter and displays the changing numbers, 1 through to 
10, ascending at a rate determined by the duration of breath number 1 divided by 10. At 
this same instant the timer is measuring the duration of the current breath so that any 
amendments in breath duration and counter rate can be applied to breath number 3. 
This process is continually repeated so that the counter ascends (1 to 10) at a changing 
rate depending on the preceding breath. The two buttons, `Stop' and `Go', remain and 
are again used to begin or end the function. 
The final step was to design the full software interface, which could then be linked to 
the control card to provide the necessary functionality. Figure 7-33 shows the final 
form, which has been named VIMT (Variable Inspiratory Muscle Trainer). The `(Basic)' 
portion of the title defines the fact that this system is considered to be the first iteration 
of the development process. 
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Figure 7-33. Final form, VIMTB, uzc software 
interface 
The VIMT program can be split into four main sections as shown in Figure 7-33. With 
the program loaded only the subject details section is unlocked so that no testing can 
take place without a subject entered. The subject's MIP is requested first (e. g. 150mb in 
Figure 7-33), followed by the desired inspiratory muscle training intensity (e. g. 30% of 
the MIP). The `Max =' button is then pressed which signals the software to calculate the 
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maximum training pressure (e. g. 45mb). The rest of the form is then activated and this 
value is used to scale the information in the Profile adjustment section. 
The Profile adjustment section is shown in Figure 7-33 with a profile selected. At the 
beginning of the test all of the 10 sliders and black points are in their zero position. The 
black points are then moved into new positions to achieve the desired loading profile 
via manipulation of the corresponding sliders. Wherever the points are left to rest their 
related position is displayed as both a pressure value (e. g. 0 to 45mb) and a percentage 
of the maximal load (e. g. 0 to 100% of 45mb) in the text boxes between the sliders and 
the profile display. 
As far as selecting the variable load, the previous steps are all that is required. The 
software will then just idle until the `Go' button in the Control panel is selected. On 
activation of the `Go' button the following functions begin: 
9 The Control panel stopwatch starts and displays total test duration until the 
`Stop' button is pressed. 
9 The textboxes in the Control display change display state (0 to 1) as the first 
breath is initiated and completed. 
" The breath duration is recorded and divided into 10 equal segments. 
" At the first expiration the valve is closed ready for the second inspiration. 
" The subject then begins their second inspiration against the occluded valve, 
which opens and closes as the set pressure loads are overcome. 
" The user then begins the second expiration at which time the system is reset 
and loaded with the amended breath duration. 
" This process is then repeated until the `Stop' button is pressed causing the valve 
to move to its open position. 
9 The `Reset' button can then be pressed to return the program to its initial state 
ready for the next subject. 
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During each inspiration the subject must overcome the point load to initiate airflow. If 
the user is unable to generate a particular pressure then the valve will not open. It is 
likely however, that this will only occur at the beginning if the inspiration and they will 
be able to achieve the next lower point load. Because the magnitude of the load changes 
as the inspiration progresses this will become less of an issue. Alternatively, a time 
window of pressure generation could be permitted to ensure a period of valve opening 
at each load point. This method may lead to the user cheating. It is felt that they should 
have to generate the pressure in order to remove the occlusion. 
Throughout the test, the Debugging section is continually monitored. This section 
displays the functionality of the device, which may not be possible from visual analysis 
of the subject or the oscillating valve. The 10 equally sized boxes on the left hand side 
of the form show either a0 or a1 depending on whether that particular load point was 
achieved during the loaded breath. Verbal encouragement can then be given to the 
subject if greater effort is required at certain stages within the breath. The remaining 
three boxes display, from left to right, the ascending counter (1 to 10 as per Timer2), 
the changing breath duration (ms) and finally the pressure being generated (mb). 
Slight amendments from the previous software developments include the use of 
negative pressure generation as the signal for an inspiration initiation. The reason for 
this is that during first stage testing it was clear that the oscillating valve was generating 
inspiratory spikes within the data acquisition system after each occlusion therefore 
causing the system to crash before the expiration could take place. By using the pressure 
signal, the threshold value can be set high so that a single wide-band spike can be 
generated. The VIMT software is then activated by the leading edge only, allowing the 
expiration spike to function as expected. 
7.2.4.3 Functional Testing 
Int, vduction 
Prior to further testing of the VIMT system it was deemed important to ensure that the 
theoretical functionality of the rig was indeed practical for use upon subjects. A bench 
testing activity was therefore completed so that any negative aspects could be identified, 
explained and amended. This process consisted repeated trials under both static and 
exercise conditions until either all problems were eliminated or understood. 
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Results 
The VIMT rig was set-up as pictured in Figure 7-34, with the flow and pressure 
transducers, and solenoid assembly suspended above the cycle ergometer to minimise 
dead space between the valve and the subject. The connecting tubes and cables were 
then coupled to the control hardware, data acquisition system or both. 
II 
a, 
The first set of trials was completed as a single loaded breath. The VIMT control 
software was set to its maximum capability with manual control over individual point 
load and automatic adjustment of point load spread. The reference load for this section 
was 30% of the maximum inspiratory pressure generated at RV. For the investigator 
this was 50mb and therefore all profiles tested provided a peak load of 50mb. The 30% 
threshold was chosen to provide a low to moderate workload upon the inspiratory 
muscles conducive to completing extended periods of exercise without causing 
excessively detrimental effects upon the exercise itself. 
The investigator then completed repeated single inspirations whilst attempting to 
continually achieve 10 consecutive point loads. The results of this bench-testing period 
were reported as only perception or opinion of the various aspects of the stimulus. No 
exact measures were recorded i. e. pressure profile analysis, as this process was for the 
sole purpose of ensuring some kind of functionality. 
222 
Figure 7-34. Complete testing set-up. 
The range of profiles tested, consisted of three plateau type loads and three decaying 
loads including the profile as chosen from the combination of the maximal pressure- 
volume curve and oscillating valve results. The three plateau loads consisted of a zero 
load intended to provide the sensation of occlusion but without the requirement to 
generate force in order to complete the inspiration, a constant 50% of the max load 
(25mb) and finally a constant 50mb load. 
As expected, no problems were encountered with overcoming the zero loads, however 
it became apparent that the control system was providing a delayed response to the 
commencement of the breath (approximately 0.25s) before applying the sequential 
loads. It seemed that although this delay could not be removed, once used to its 
presence, inspirations could be completed as normal. Tests of the other two plateau 
profiles also generated expected results similar to the limitations as highlighted with 
threshold loading technologies in that the final point loads were too high and 
responsible for cropping the breath duration. There was also one further problem 
encountered at this stage and that was during slow extended inspirations. For 
particularly long inspirations (1 to 2s) the point frequency is reduced. This lower 
frequency prevents a smooth inspiration and causes stuttering and discomfort. 
Prior to eliminating this problem the decaying loads were practiced. These consisted of 
two sharply decaying loads from peak (50mb) to zero, the first linear and second a 
convex curve. These two sharply decaying loads were consistently overcome as 
intended, but it was felt that the breath was not loaded throughout. The final load tested 
was the profile as selected during section 4.2.3.2, the discussion of the oscillating valve 
test, with a linear rate of -0.3mb "1"'. An Excel spreadsheet was used to calculate the 
sequential point load values whereby the initial 30%MIP load was displayed followed by 
each subsequent load value. During the testing of this profile however, early point loads 
were occasionally missed. To overcome this, trial and error was used to adjust the 
profile resulting in a curvilinear decay whereby the point loads followed an initial decay 
followed by a gradual plateau towards the end of the breath. This resulted in the desired 
consistent breath completion. This was felt to be a suitable compromise between the 
chosen rate of decay, consistent load provision and comfort, which were deemed 
paramount for initial testing in a trial study. A suitable second Excel spreadsheet was 
created providing point to point decay factor of 0.9; in this case the load values were 50, 
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45,41,36,33,30,27,24,22 and 19mb (rounded to 0 decimal places). The same 
problem of low frequency loading was however experienced during extended 
inspirations. 
It seemed therefore that there was a minimal frequency tolerable to ensure comfortable 
breathing. In its current set-up the system did not provide the facility to maintain the 
frequency of loading for extended inspirations. In order to achieve this additional point 
loads would have to be added towards the end of the breath. A solution could not be 
envisaged to extend the number of point loads if the occasion arose that a subject 
caused a loading frequency below the comfortable level. It would require a complete 
software rewrite. 
A short term solution was decided upon which meant compromising upon the ability to 
automatically fit the point load distribution and forcing the ten point loads to occur at 
the beginning of the inspiration at a frequency of 10Hz. It was reasoned that breath 
duration would not deviate too far from this value within a small group of similar 
subjects. The impact of this decision could be discussed following a user trial. 
With this setting two 10min, 200W cycle ergometer tests at the selected decaying profile 
at 30% (50mb) and 50% (75mb) intensity were completed. This was to ensure that 
exercise could be tolerated in the presence of the modified VIMT system. No problems 
were identified and the additional workload could even be tolerated at the increased 
intensity of 50% MIP. 
7.2.5 Summary 
This first half of the chapter has communicated the iterative steps taken to produce the 
occlusion valve technology, which permits sufficient airflow and the method of 
actuation. Electromagnetism has been the chosen valve actuator due to its flexibility, 
high-speed response and power over the required displacements. The specific method 
of application has also evolved from a combination of permanent and electromagnets in 
the single occlusion proof of principles rig to a single high power solenoid in the VIMT 
spool valve. 
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This extensive development has resulted in the VIMT technology that provides the user 
with full load profile control via a computer interface. This technology permits 
unlimited load profile selection and application. The final curvilinear profile set-up 
(which can be further amended) has been selected via a combination of an analysis of 
existing profiles (published and as a result of the oscillating valve tests) and trial and 
error in an attempt to produce a load that permits straightforward activation and 
relative comfort to the user. It is understood that this particular profile may not be 
optimal for providing a training stimulus, however the success of initial user trials 
depends on the positive uptake of the technology. In light of the limitation of having to 
position the point loads at the beginning of the breath, the comfort aspect is felt to be 
particularly important. It is believed that future development of this technology will 
include the testing of multiple loading profiles. 
7.3 Embodiment Design (Thoracic Loading Technology) 
7.3.1 Introduction 
The following sections describe the processes involved in the design and development 
of the thoracic loading inspiratory-muscle training system. Chapter 6 highlighted the 
potential of using elastic loading, frictional loading, or a combination and this section 
will therefore provide any necessary calculations for these types of loading. The final 
design hardware will be a fully functioning bench technology i. e. aesthetics and package 
design will not provide the main emphasis of any decisions. 
The two alternative methods of providing the load will be developed separately initially 
with the aim to either combine the favourable benefits of each technique in the final 
stages or to choose the most suitable method of providing the load. The final sub- 
section will present the chosen method of providing the load with functional testing in a 
case study format. 
7.3.2 Basic Calculations 
7.3.2.1 Introduction 
The basic calculations to be considered in the development of a thoracic loading 
garment using elastic or frictional techniques are: 
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" The laws of elastic material and its extension relating to the load produced. 
" The laws of friction relating to specific materials and the techniques that are 
employed to alter the load during an inspiration. 
7.3.2.2 Elastic Load 
The force required to cause extension in a material is defined by the Young's modulus 
(E) of that particular material. 
Flo 
The equation for Young's modulus is: E= 11 A 
F is the force applied to a sample of material with original length, 1o and cross-sectional 
area, A, extended to a length 11 (Tipler and Mosca, 2004). This force value can be 
assumed to be the tensile load applied by a thoracic loading garment employing elastic 
elements. 
7.3.2.3 Friction 
The resistive force of friction between two objects is, F, =µN, where µ is the 
coefficient of friction for the two materials and N is the normal or perpendicular force 
pushing the two objects together. The two major types of friction are static and kinetic 
(Blau, 1996). Each has its own coefficient of friction. If there is no motion, µ is the 
static coefficient of friction. If the object is moving or sliding, i. is the kinetic coefficient 
of friction. The normal force N can be an external force, such as used on brake pads to 
stop a vehicle, or it can be caused by the weight (due to gravity) of one object on the 
other. 
7.3.3 Design Iterations 
7.3.3.1 Introduction 
The design iterations describe the steps taken to refine individual components of the 
friction and elastic loading bench technology. The first component for consideration is 
the elastic material. Secondly, the friction design is presented, concentrating on the 
provision of a decaying load. These steps will include the development of a mock-up rig 
that will offer the basic functionality of a final rig design. 
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7.3.3.2 Elastic Device 
The concept solution chapter identified the elastic panel and strap designs as most 
suitable for further development. Of these different techniques the strap design 
provides the greatest potential for adjustability. The displacement data obtained from 
the CODA indicated that maximum thoracic displacement occurs across the section 
from the upper sternum to the xyphoid process. This `zone' provides the most suitable 
positioning of the loading elements in terms of maximising the work. The strap design 
provides multiple elastic loads and by increasing the number of straps, a greater 
adjustment would be available to the user and the system could be adjusted for training 
particular `compartments' of the thorax. The elements should, in their most minimal 
configuration, extend from the sternum area, passing under the arms or close to the 
neck to avoid restricting free shoulder motion and meeting in the thoracic spine region. 
Given that this section will require various iterations and amendments to be made 
throughout, adjustability is considered vital. The discoveries made may indeed warrant 
the transference of the results into a panel design but at this stage, the strap design will 
undergo further development. 
The key element in producing an elastic load from a strap is the material selection. 
Several alternative elastomers have been considered and the final decision was based 
upon an ease of use in the development of a prototype, its flexibility i. e. it will form any 
geometric shape and finally that it is non-toxic during its preparation and use. To define 
the load or force of the loading element the user requirements and PDS chapters were 
referred to. A maximal displacement of approximately 60mm was identified with a load 
of approximately 100N. 
If the strap were to have an approximate unloaded length of 0.3m and a cross-section 
of 0.2x10-4m the following Young's modulus (E) would be required. 
E= 
30 
=5MPa 
6x10-6 
(An extension of 30mm is used bearing in mind that two opposing armatures will 
achieve extension. ) 
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This Young's modulus value is similar to that provided by standard silicon elastomers. 
A quantity of material (Elastosil m4503, Wacker Silicones, Germany) was therefore 
purchased for further development. This material is a two-part elastomer that vulcanises 
at room temperature over 15-20 hours. 
Construction 
A2 dimensional pattern was created from a sheet of paper to approximate the envelope 
of the thorax of a single male volunteer. A mould was then constructed from the 
laminating of 10mm medium density fibreboard (MDF) onto a sheet of 3mm coated 
hardboard. The paper pattern was redrawn onto the MDF and cut out using a jigsaw. 
The layers were then glued and pinned together. 
Figure 7-35. Image of mould used 
To provide suitable moulding for fixture points in the armatures, a dowel was located in 
the end of each armature (This cannot be done after moulding, as making incisions into 
the material causes weak sections. ). The Elastosil was then poured into the mould and 
around the dowels and left on a flat surface to cure. After 20 hours the strap device was 
then carefully removed from the mould and the dowels were removed to provide pre- 
moulded through holes for fixing. 
Fixtures and finishing 
To allow the silicon unit to be fitted around the thorax a novel fixing and tensioning 
system had to be constructed. The through holes in the arms where lined with 
aluminium tube to protect the silicon from abrasion. Through each tube a nylon cord 
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was passed and secured as a loop. From each loop a quick release eyelet was fitted 
which would provide the link between each of the arms and the tensioning device. 
The tensioning device was cut from a flat MDF sheet 4mm in thickness forming a 
breastplate between the ends of the silicon arms. The breastplate was drilled with 3 
through holes for each arm, providing a friction locking mechanism for each tensioning 
cord. With the tensioning cord woven between the 3 holes a complete locking of the 
tension cord was possible at any length. Each tension cord was then attached to its 
respective quick release eyelet. 
Silicon Rubber Armature 
r 
Adjustable Thorax Mo( 
K Release Eyelets 
stable Tension via 
on Lock Breast Plate 
Set-up 
To don and remove the prototype the user slackens all the tension cords and detaches 
them from one side of the lower rib arms. The prototype can then be placed or 
removed over the head. To set the load the required amount of cord is fed through the 
locking mechanism causing tension in the cords. 
Various tensions can be set across the armatures of the unit to provide for differing 
body characteristics and training loads however this unit is only suitable for male users 
due to the armature positioning. 
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Figure 7-36.11istic prutu-tvpc nwuutcd on 
adjustable thorax model 
7.3.3.3 Friction Device 
The concept solutions chapter clearly identified the use of a rotational friction element 
as being the most suitable for further development. The following sections will 
therefore explain the techniques used to provide the load by material selection. The key 
aspect for consideration will be the provision of a variable load. 
To produce varying levels of force from a frictional system (with a known coefficient of 
friction) the face normal forces must be varied. It is of value to note that frictional force 
is independent of area. To achieve changes in frictional force using a linear sliding 
mechanism either the frictional coefficient must change, the normal force or a method 
of incorporating mechanical advantage must be included. When working with a rotating 
friction disc it could be possible to incorporate a cam to vary the length of the lever 
acting on the disc to provide the necessary mechanical advantage offering differing 
levels of frictional force without altering the normal force component. 
To calculate suitable force/lever-length variations, it is necessary to qualify where the 
frictional force is acting through the friction disc. For proof of principle calculations it 
is assumed that the force acts midway across the radius of the friction disc, normal to 
the tangential radius. A more accurate qualification would be to describe this as the 
point where both areas either side of the set radius where identical. Calculations for a 
10mm radius, aluminium on aluminium friction disc are shown below: 
Aluminium on aluminium coefficient of friction = 1.8 
Assuming frictional force acts at 5mm from centre on 10mm radius disc. 
Desired frictional force is 10ON 
Normal force 5mm from centre under these conditions would be 10ON / 1.8 = 55.6N. 
The desired characteristic generated by the cam is decay from the peak force (100N) to 
a practical minimum (90-95% reduction is assumed to be sufficient). In order to design 
the cam it must therefore be considered as a series of levers gradually increasing the 
mechanical advantage of the expanding thorax. 
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Cam Design 
A pulley cam will provide the varying mechanical advantage by altering the 
displacement of the tangential force acting on the friction disc. Providing the force for 
each length of lever is known, it is possible to design a cam system to provide the 
required decaying profile. 
B4 
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Figure 7-37. Cam diagram 
Figure 7-37 describes a 270-degree cam based on 6 levers of length a, b, c, d, e and f. 
Each lever is at even intervals between 0 and 270-dgrees therefore 0= 54-degrees. It is 
assumed that the force (FT) will always be acting tangentially to the cam or in the case of 
the diagram normally to the lever. If a 95% reduction in force is required the respective 
forces associated with each lever are, a= 100N, b= 81N, c= 62N, d= 43N, e= 24N 
and f= 5N. 
F1 F2 
di d2 
rte` 
Figure 7-38. Explanation of turning moment 
calculations 
To calculate the lever lengths, the theory of turning moments must be considered as 
described in Figure 7-38. For a system to remain in equilibrium Fld, = F2d2. In terms of 
the required forces and a lever length, x, the turning moments in equilibrium are (a)100x 
_ (d)81x = (c)62x = (d)43x = (e)24x = (f)5x. Therefore if lever a=x, then b= 100/81x 
= 1.23x, c=1.61x, d= 2.33x, e=4.17x and f= 20x. 
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Apart from the forces the only other known parameter is the displacement as defined 
by the thoracic expansion study, which is 60mm. The complete 270-degree rotation 
must therefore occur over a displacement of 60mm. In Figure 7-37 this is represented 
by the sum of Bl + B2 + B3 + B4 + B5. To calculate each of these dimensions, circular 
trigonometry must be implemented and more specifically the cosine rule: 
p2 =q2 +r2 -2grcos0 
The values p, q and r are the three sides of a triangle (Figure 7-39). Lengths q and r are 
separated by an angle 0. With reference to the cam calculations, Figure 7-37 shows the 
cam split into 5 triangles. In each of these triangles the lever lengths make up the values 
for q and r in the above equation. The lengths B1, B2, B3, B4 and B5 represent the value p 
in the equation. 
rp 
8 
9 
Figure 7-39. Diagram to aid calculation of circular 
trigonometry 
To calculate, for example, B1, in terms of x the values q=x and r=1.23x must be 
inserted into the equation. 
B, 2 = x2 +(1.23x)2 -2(xxl. 23x)cos54° 
B, 2 = x2 +1.5 IX2 -1.45x2 
B, =1.03x 
Repeating this for the other levers gives: B2 =1.33x; B. = 1.87x; B4 = 3.36x; B5 = 8.26x. 
Referring back to the previous statement Bl + B2 + B3 + B4 + B5 = 60. 
... 1.03x+1.33x+1.87x+3.36x+8.26x = 
60 
-. 15.85x = 60 
. -. x=3.79mm 
232 
The lever length, a, is therefore 3.79mm. Reapplying the ratios of x, b=4.66mm, c= 
6.1mm, d=8.72mm, e= 15.77mm and f= 37.9mm. 
The approximate cam capable of reducing a 10ON load could now be created which can 
be scaled up or down depending on the desired friction disc size along with adjustment 
of the normal force to maintain the load required. To produce greater resolution on the 
cam perimeter, more levers with equal angular displacement (0) would be required. The 
greater the number of included levers the smaller the 0 value. 
Ratchet Mechanism 
For a rotating friction system to be functional in use, the friction resistance elements 
must be simple, compact and lightweight, capable of providing resistance to forces over 
a suitable training range without restricting activity. Most importantly however, for the 
friction system to provide resistance during thoracic expansion (inspiration) only, a 
form of ratchet would be required to engage and disengage the cam pulley during the 
switch between thoracic expansion and contraction (expiration). Figure 7-40 describes 
a possible solution showing how the cam pulley could be returned by a coil spring as 
the thoracic cage contracts during expiration. Due to the variations in displacement 
observed from breath to breath in the thoracic excursion tests it is important to provide 
a high frequency ratchet i. e. the ratchet should have as many notches as possible to 
provide the maximum adjustment in the system to account for the variability of the 
breathing cycle. 
The disengaging of the friction system will allow the armature of the system to recoil 
with the thoracic cage during expiration. Without this mechanism a friction system 
would not recoil and provide load to only the fist breath. The recoil provided should be 
minimal so as to limit the assistance to the muscles of expiration. If the elastic recoil 
were too strong then this would have the effect of unloading the expiratory muscles and 
changing the normal expiration characteristics. 
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Figure 7-40. Development sketch of Cam pulley 
return mechanism (exploded view). 
The most useful position for the friction elements would be in the previously 
mentioned `zones' in which the greatest displacements take place (Figure 7-41, A and B, 
covering the upper sternum and xyphoid process). These sections would be constructed 
from an inelastic material so that any displacement is transferred to the rotating friction 
element. The inelastic material would however need to follow the thoracic displacement 
to ensure that the ratchet mechanism was able to reset for the beginning if following 
inspirations. 
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Figure 7-41. Separate thoracic loading zones 
This loading technique will not be implemented onto the bench prototype at this stage. 
Further decisions will be made following an initial test of the elastic prototype and 
identification of its limitations. The aim is to incorporate the frictional loading elements 
if the elastic loading effects upon an exercising athlete are insufficient or impractical. 
7.3.4 Functional Testing 
7.3.4.1 Introduction 
Prior to the final decision as to the inclusion of friction elements, a preliminary human 
test of the elastic prototype was undertaken to provide insight into the physiological 
effects of training with such a garment/product. The main aim of the study was to 
identify the magnitude of any detrimental effects on breathing pattern and to assess the 
additional work provided by such a garment. It is assumed that any detrimental effect 
on breathing pattern will be highlighted by a shift change in either tidal volume or 
breathing frequency whereas a shift in heart rate at a fixed workload will indicate the 
presence of an additional load to the inspiratory muscles. To achieve this, a male subject 
(age 25, mass 87kg and height 1.82m) was recruited to take part in a case study test 
involving two separate bouts of fixed, moderate exercise on a cycle ergometer with and 
without the presence of an elastic respiratory load. 
7.3.4.2 Methods 
Testing took place in the Sports Technology Research Laboratory at Loughborough 
University on a cycle ergometer (Monark) in a single session. Prior to the 
commencement of the test the subject was permitted a 3-minute warm-up period at a 
workload of 80W followed by a further 3-minutes for stretching and preparation. 
During this time the subject selected a comfortable cadence and was instructed to 
maintain this cadence for the remainder of the testing procedure. 
For the test proper, the workload was increased to 180W, which was considered to be a 
moderate intensity sufficient to elicit an elevated heart rate response. On reaching the 
target cadence the subject then completed the first 10-minute test without the additional 
elastic load. Following the completion of the first test, the subject was then permitted 
approximately 15 minutes to recover (heart rate returned to pre-test levels) prior to the 
commencement of the second test. The second 10-minute test was then completed 
whilst wearing the elastic loading garment, which was fitted at its maximum load via 
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adjustment of the tension cords. Figure 7-42 shows the subject with the elastic load in 
place. 
Breathing frequency and tidal volume data where collected as the mean of three 
consecutive breaths at thirty second intervals using the high-flow transducer at the 
subject's mouth via a flanged mouthpiece. These were connected to the data acquisition 
system over the 2 exercise periods with and without the elastic load present for post- 
analysis purposes. Heart rate was monitored and recorded at thirty-second intervals 
using the built-in receiver on the cycle ergometer and a telemetric heart monitor belt 
fitted to the subject's chest. 
a, 
Figure 7-42. Subject under test conditions with 
elastic load in place 
7.3.4.3 Results 
The results were expected to have been as per the published problems (DiMarco et al., 
1981 and Nishino et al., 1992) associated with elastic garments and alteration of 
breathing pattern (increased breathing frequency and reduced tidal volume). In this trial 
however this does not seem to be the case. Post-hoc repeated measures t-tests (two 
tailed) were used to compare pairs of mean measures as appropriate. Significance levels 
were set at 0.05, however if related measures were taken Bonferroni corrections were 
applied whereby the significance level (0.05) was divided by the number of related 
measures. 
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A negligible and inconsistent and nonsignificant reduction in breathing frequency was 
observed of 0.8±2.8 breaths per minute (mean±SD) over the exercise period. Similarly 
tidal volume had no significant or observable shift with only a 0.1±0.31 increase over 
the data set. These conclusions are confirmed by the calculation of minute ventilation, 
which also displays only a small non-significant mean reduction between loaded and 
unloaded status (0.65±5.71 min-'). Figures 7-43,7-44 and 7-45 demonstrate the 
inconsistent effect on the various aspects of breathing pattern. 
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Figure 7-43. Breathing frequency comparison with 
and without the presence of an elastic load. 
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Figure 7-44. Tidal volume comparison with and 
without the presence of an elastic load. 
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Figure 7-45. Minute ventilation comparison with and 
without the presence of load. 
Heart rate however displays a clear and significant (P<0.05) shift in comparing the 
results obtained during loaded and unloaded exercise. The mean difference for this 
particular subject is 4±1.5bpm over the complete data set. 
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Figure 7-46. Heart rate comparison with and without 
the presence of load. 
7.3.4.4 Discussion 
The aim of this study was to test the magnitude of any detrimental effects of an elastic 
thoracic load on breathing pattern as reported by DiMarco et al. (1981) and Nishino et 
al. (1992). It has been suggested that breathing pattern is significantly altered thus 
rendering this technology impractical for ambulatory application in particular. The 
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results of this study are to be used to make judgement for further modifications to this 
technology such as the addition of friction load elements to improve the loading profile. 
In its current state however, the elastic strap design seems to provide an additional load 
without the associated detrimental effects on breathing pattern. The change in heart rate 
is deemed to indicate an increase in whole-body work and more specifically the work of 
breathing however there may be a contribution to the magnitude of this increase from 
the order effect. It should be noted however that no order effect seems to be present 
throughout the breathing results. It could be supposed that no further development is 
necessary and a much larger study should be prepared to prove this theory. It should 
however be noted that the subject had extensive experience of inspiratory muscle 
training principles which may have effected the trial outcome. Ideally the test would also 
have been repeated at different intensities in a randomised order to study the possibility 
of the presence of an order effect. The device does also have a major flaw in that the 
load cannot be quantified. Whilst this study has been useful in generating confidence in 
the elastic load it is still believed that the addition of a quantifiable load will further 
enhance the results seen here and provide a more suitable load. 
7.3.4.5 Final Design Layout 
It has been highlighted in the previous section that the refined solution would not rely 
purely on the elastic straps to provide the majority of the load. As described earlier in 
the chapter, it was predicted that a combination of friction and elastic elements would 
provide the load. If the friction elements were to be positioned in the described `zones' 
of maximal displacement then their effect would be maximised. In fact, this positioning 
may be the only option for friction elements as the smaller thoracic displacements of 
the upper chest might prove too small for the practical specification of a cam, however 
these could be loaded via elastic means. The incorporation of elastic straps or panels 
would be more useful in areas of lesser displacement where the inappropriate loading 
profile would be a negligible issue. Figure 7-47 shows the additional elastic sections. 
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Figure 7-47. Elastic panels in final design 
In Figure 7-47 the orange areas depict where elastic elements should be orientated. The 
elements around the upper chest and shoulders would provide moderate elastic 
resistance. This would not only load the accessory inspiratory muscles responsible for 
elevating of the upper rib cage, but also provide freedom of motion to the shoulder 
blades. The elements around the waist would also be elastic, however the elastic load 
would be far higher to provide resistance to the abdominal area and thus loading the 
descending diaphragm. This would provide even force distribution across the thorax 
and diaphragm whilst targeting specific areas to maximise the work of breathing 
without compromising breathing pattern. The complete final design would therefore 
take the form as described in Figure 7-48. 
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Figure 7-48. Final design incorporating elastic 
loading panels and frictional loading elements. 
The separate distinct sections are A, the upper elastic elements (orange section), B, the 
top of the lower elastic elements (grey section), C, friction element (egg shape) and D, 
the transmission elements (dotted lines woven into black material). 
7.4 Final Comparison 
7.4.1 Introduction 
Two designs have now been created offering different innovative solutions for training 
the inspiratory muscles during exercise. The next step is therefore to compare these 
designs and to decide whether to take either one or both forward in development and 
application within a larger final study group. 
Both of these designs meet the product design specification in slightly different ways 
and a method of comparison must be used to eliminate the possibility of developing of 
an inappropriate solution. A new version of the comparison table used on several 
previous occasions will therefore be employed. 
7.4.2 Comparison Table 
The scoring criteria for the comparison table are as follows: load quantification, load 
alteration, single unit user adjustability, profile alteration and accuracy. As previously, 
scores of -1,0 or I will be given depending on each device's suitability. 
Scores for load quantification will be awarded a -1 if this is not possible or a0 or 1 if it 
is possible. If a secondary tool is required to quantify the load then the device will score 
0. A useful facility of the device will be the possibility to make fine adjustments during 
the exercise period. If this is not at all possible the device will score -1. If this is only 
possible by interfering with the subject or the exercise test then a0 will be scored. 
Otherwise the device will score a 1. Single unit adjustability refers to the capability to 
complete the testing protocol with only one prototype unit (1). If components can be 
changed on a single unit to cater to several subjects then 0 will be scored. If a complete 
new prototype is required so that several anatomically or physiologically different 
subjects can complete the testing then -1 will be scored. Similar to the scoring of load 
alteration, the ability to perform profile alteration during testing may be desirable. If this 
is possible then a1 will be scored. If this is only perceived possible with interference of 
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the subject then a0 will be scored else a -1 if this is not at all possible. A follow on form 
the profile alteration is profile accuracy. Each subjects loading profile may be subtly 
different and it will be desirable to provide the most accurate profile possible. If the 
profile can be accurately defined then a1 will be given. If only a portion of the profile is 
accurate for example the initial load then a0 will be scored. If the accuracy is set during 
the manufacturing process then -1 will be given. 
itification 
d alteration 
; le unit 
[stability 
file 
istment 
file accuracy 
Total -2 
Table 7-6. Final design comparison table 
7.4.3 Discussion 
Analysis of the comparison table shows that the VIMT rig is considerably more suitable 
for the application of the exercise test. The fact that adjustability is paramount in being 
able to tailor the technology quickly and accurately to a range of subjects almost 
completely eliminates the thoracic loading technology. This device does fulfil the 
specification but remains a device with potential for further development. The use of 
this prototype as a loading technology in a final study to investigate the improved 
benefits of a variable, ambulatory inspiratory muscle training device however, is not 
appropriate. 
The VIMT rig may have certain unforeseen limitations but it is believed that these will 
be easily identified and overcoming them will be a simpler process. The VIMT rig may 
Thoracic loading 
technology 
VIMT loading 
technology 
0 1 
0 1 
-1 1 
-1 1 
0 1 
-2 5 
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also provide particularly useful in extracting the exact loading profile or required levels 
of adjustability for different subjects. 
7.4.4 Conclusion 
The following implementation chapter will attempt to test a new inspiratory muscle 
loading technology within a group of healthy males. The VIMT technology has been 
chosen to provide the loading stimulus due to its flexibility. The flexibility of this 
technology will permit appropriate loading for a group of subjects with varying 
characteristics. It is believed that of the two developed technologies, the VIMT 
technology represents the greatest innovation and thus has potential for application in 
an implementation study. 
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Chapter 8 
8.0 TECHNOLOGY IMPLEMENTATION 
8.1 Introduction 
The aim of this final study is to assess the VIMT prototype technology in terms of the 
response of a group of subjects carrying out exercise under additional load from the 
technology in a controlled environment. It is hoped that this activity will aid any future 
development and highlight potential limitations or improvements compared to the 
current techniques and technologies used to train the inspiratory muscles in a sporting 
population. 
Methods similar to those used in chapter 4, Defining User Requirements were repeated 
to implement the VIMT prototype and therefore a second group of subjects were 
recruited to complete two phases of testing. The first phase consisted of standard 
respiratory and work-capacity tests for the classification of the subjects. The main 
emphasis of the study conducted in the second phase involved the application of the 
loading profile generated by the dynamic measures achieved during the oscillating valve 
experiments. The main difference between the oscillating valve and the VIMT 
prototype is that the VIMT device enables load to be specifically applied to the 
inspiration rather than providing only an occlusion. The VIMT application study also 
varies slightly compared to the oscillating valve test with the introduction of a second 
work intensity with and without the presence of a load for comparative purposes. 
Airflow and pressure analysis methods similar to those performed following the 
oscillating valve test were then completed including the recording of any effect on 
breathing pattern and also the detailed pressure development during an inspiration. 
8.2 Implementation Study 
8.2.1 Subject Recruitment 
Following approval from the Loughborough University Ethical Advisory Committee, 
30 male subjects were recruited via letters sent to the captains of all of Loughborough 
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University's major competitive sports teams. Of the initial 30,12 subjects successfully 
completed all of Phase I and Phase II of the testing. All subjects were aged between 18 
and 25 years, were non-smokers and free from any respiratory disorders. Informed 
written consent was obtained from each subject as well as the completion of a medical 
screening questionnaire. The following table provide a summary of the subjects who 
successfully completed the study. 
Age Height Weight Body Fat 
(Years) (cm) (Kg) (%) 
Mean 20.8 188.3 91.3 14.0 
SD 1.7 7.5 11.6 5.3 
Rangei 19-25 1 175 - 202 1 75 - 109 1 7.2-26.7 
Table 8-1. Basic subject data 
Quantity and type of training, was also noted during the subject selection process to 
ensure that they had a good level of baseline fitness. It was decided that each subject 
should be maintaining at least three endurance-based training sessions per week 
throughout the testing period (up to 6 weeks) although they were not required to keep a 
diary. If any injuries or major training changes occurred during the testing period then 
the subject was asked to make it known to the investigator. 
8.2.2 Experimental Overview 
Subjects were assessed in the Sports Technology Research Laboratory at Loughborough 
University on an individual basis and informed of the aims of both phases of the study 
prior to participation. It was assumed that all subjects were naive to exercise testing and 
the measurement of respiratory variables and therefore careful steps were taken to 
explain each item of equipment and its operation. Subjects then completed Phase I of 
the testing (for a full description of Phase I, which remains unchanged from the 
oscillating valve test, see section 4.2.3). In general terms this involved the completion of 
spirometric tests to record peak flows and lung capacities, the measurement of maximal 
inspiratory pressure and the recording of height, weight and body fat percentages. 
Subjects also completed maximal workload tests on a cycle ergometer to volitional 
exhaustion. 
Phase II of the testing procedure consisted of four exercise tests with and without the 
presence of the VIMT rig at two different exercise intensities (50% and 70% max 
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workload). The subjects were each allocated the four testing protocols in a partially 
randomised order defined by the different session types, either 1,2,3 or 4 (Table 8-2). 
The tests were performed between the hours of 9.00am and 5.00pm in a laboratory 
environment that was kept as constant as possible between subjects. 
Type 1 Type 2 Type 3 Type 4 
50% Levels Loaded Unloaded Loaded Unloaded 
50% Levels Unloaded Loaded Unloaded Loaded 
70% Levels Loaded Unloaded Unloaded Loaded 
70% Levels Unloaded Loaded Loaded Unloaded 
fable tf-L. Pour alternative load implementation 
session types 
Prior to test commencement, each subject was asked to read a description of the 
protocol to allow them to become familiar with the experiment. Any queries or 
questions were then answered until the subjects were happy with what was required of 
them for the remainder of the study. Once comfortable with the theory of the 
experiment the subject was then habituated with the VIMT rig. 
An identical set-up as used in the bench-testing period was used with the cycle 
ergometer positioned beneath the suspended VIMT mouth interface. This was 
connected to both the data acquisition system and the control hardware, which were 
positioned adjacent to the exercising subject. The data acquisition set-up included the 
high-flow transducer and pressure transducer incorporated in the VIMT mouth 
interface (as per the bench testing layout, section 7.2.4.3). Airflow and pressure data 
were collected using the MP100 data acquisition unit and a laptop. The airflow data 
were differentiated to provide a volume trace. Two additional control channels were 
included to provide a signal at the commencement of the inspiration (negative pressure) 
and expiration (positive airflow). 
Each subject first completed normal breathing through the rig with the valve in the 
open position and the data acquisition system running whilst seated on the cycle 
ergometer but without pedalling. The computer screen displaying the resultant trace was 
introduced to the subject and their breathing pattern and actuation spikes generated at 
the start of each inspiration and expiration were identified and described to the subject. 
When comfortable with the sensation of breathing through the rig and the size and feel 
of the mouthpiece the subject then indicated that they were ready to experience the 
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activated VIMT device by giving a `thumbs-up' to the investigator. The investigator 
verbally confirmed this and the subject then gave a nod of the head. Following this the 
device was activated in full view of the subject so that the timing did not surprise them. 
At first the rig was adjusted so there was a zero load applied at each of the ten point 
loads per breath. This meant that during inspiration the subject observed the valve 
oscillating ten times as it hit each of the point loads staggering the breath, but was not 
required to generate any noticeable negative pressure in order to complete an 
inspiration. Following this, the pressure point loads were all increased to a constant 
minimum value defined by their specific loading profile that each subject would be 
required to achieve during the test proper. In this case, the subject was required to 
generate only minimal pressure in order to open the valve ten times and complete an 
inspiration, this allowed the subject to experience the type of sensation that increasing 
the work on the inspiratory muscles would cause. Finally, the point loads were adjusted 
to the specific curvilinear loading profile that the subject would be required to achieve 
during the main tests. Once the subjectwas able to repeatedly attain all ten points across 
a breath and was comfortable, the testing protocol was commenced. Each subject's 
specific curvilinear loading profile was determined using a MIP converter. This 
consisted an Excel spreadsheet into which each subject's MIP was entered. The ten 
point loads are then calculated maintaining a point-to-point decay factor of 0.9 (for 
justification refer to Section 7.2.4.3). 
The subject first performed a 3-minute warm up on the cycle ergometer at 100W. 
During this time a comfortable cadence was found from discussion with the subject. 
This was maintained throughout the test by communication with the subject by 
encouraging them to increase or reduce their pedalling rate. After the warm up the 
subject was allowed 3 minutes with which to complete any additional stretching or 
warming up activities required and to take on fluids. 
The test proper comprised four intervals of 5 minutes on the cycle ergometer. In- 
between each bout of exercise a 3-minute recovery was permitted to allow recovery 
before the commencement of their next exercise bout. The recovery period also allowed 
the subject to take on some water and to allow the heart rates to approach resting levels. 
As previously stated the subjects were assigned to one of four `types' of test providing 
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various orders of exposure to the VIMT rig thus randomising the results obtained in an 
attempt to reduce any order effect. 
The VIMT rig was set at a loading intensity of 30% of each individual's maximum 
inspiratory pressure. The VIMT rig was set-up as discussed at the end of section 7.2.4.3 
Bench Testing, designed to allow the user to maintain control of the breath duration but 
with the load points at the beginning of the breath. The cycle ergometer was set at 
either 50% or 70% of their max workload capability determined during Phase I. The 
aim of testing at these two separate workloads was to highlight any inconsistent 
responses to the VIMT loading such as alternative breathing patterns compared to the 
unchanged, applied loading profile. 
The second phase of testing was designed not only to test whether the VIMT rig would 
feasibly work as a respiratory training aid, but also to evaluate the effect upon the user 
during use. The main method employed to achieve this was the comparison of the 
`Unloaded' period in which the VIMT rig was switched off to the `Loaded' period 
(VIMT rig applying specific loading profile) at the same workload. The parameters used 
to make the comparison were heart rate, mouth pressure and airflow characteristics 
including breathing frequency and tidal volume. Rating of perceived exertion was also 
recorded. 
Each subject wore a heart rate telemetry band during the tests. Their heart rate was 
recorded every 30 seconds during the 4 intervals of testing and at the end of each 
recovery period to record the heart rate prior to the next interval. During each interval 
of testing the subjects were also asked at minute intervals to evaluate their perceived 
whole body exertion at that point during the test. The subjects used a Borg scale to rate 
their exertion. The subject pointed to the desired number on an oversize chart to 
achieve this. The selected number was repeated back to the subject to confirm their 
choice. 
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8.2.3 Results 
8.2.3.1 Phase I 
The standard respiratory data and results for maximal workload achieve during an 
incremental ramp test to volitional exhaustion taken during Phase 1 of the testing are 
shown in Table 8-3. 
Mean 
SD 
Range 
MIP 
FVC (I) PIF (I-s-1) FIV1 (I) VC (1) (cmH20) 
6.47 9.22 5.93 6.50 168.5 
0.74 1.54 0.73 0.80 19.6 
5.3-8.0 6.8-12.6 5.0-7.2 5.4-8.1 140-205 
Max Workload 
417.2 
54.7 
333 - 520 
Table 8-3. Respiratory and workload data for all 12 subjects 
8.2.3.2 Phase II 
Post analysis of the phase IT data involved the recording of any changes in heart rate, 
the average breathing frequency and tidal volume at 30s intervals and RPE at each 
minute during the test and the inspiratory pressure generated at the mouth during the 
`loaded' section of the testing protocol. Post-hoc repeated measures t-tests (two tailed) 
were used to compare pairs of mean measures as appropriate. Significance levels were 
set at 0.05, however if related measures were taken Bonferroni corrections were applied 
whereby the significance level (0.05) was divided by the number of related measures. 
Heart rate 
A Bonferroni correction has been applied due to the fact that heart rate and RPE are 
related so that n=2. The significance levels have therefore been set at P<0.025 
(0.05/2). Figures 8-1 and 8-2 show the mean heart rate and standard deviations for 50% 
and 70% workloads respectively. The mean shift in heart rate was 6.7±1.3bpm 
(mean±SD) aggregated across all 12 subjects during the 50% trial. Breathing through 
the VIMT rig induced a significant increase (P<0.025) in heart rate at all intervals 
except at minute 2 (P<0.05). There is a mean shift in heart rate of 5.6±2.2 bpm 
(mean±SD) aggregated across all 12 subjects during the 70% trial. The VIMT rig did 
not cause a significant change in heart rate at any interval (at the end of minute 1 the 
data almost reaches significance, P<0.05). 
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Mean Heart rate 50% (12 subjects) 
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Figure 8-1. Heart rate change at 50% max workload. 
Error bars = SD 
(significance levels, minutes 0.5,1,1.5,3.5,4 and 4.5 P<0.005, minute 2 P<0.05 and minutes 2.5, 
3 and 5 P<0.01) 
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Figure 8-2. Heart rate change at 70% max workload. 
Error bars = SD. 
(no significance levels at any interval) 
Rating ofperceived exertion 
There is a mean shift in RPE at 50% max workload of 06±0.09 (mean±SD) aggregated 
across all 12 subjects (Figure 8-3). This shift is not representative of a significant 
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difference between the two data sets at any point. There is a mean shift in RPE at 70% 
max workload of 0.8±0.27 (mean±SD) between minutes 1 and 5 aggregated across all 
12 subjects (Figure 8-4). The VIMT rig causes significant changes in RPE at 1 interval 
(minute 2 P<0.025). At minutes 3 and 5 data just fails to reach significance (P<0.05 and 
P<0.03 respectively). On the whole however there is no significant change at 70% max 
workload. 
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Figure 8-3. Minute ventilation change at 70% max 
workload. Error bars = SD. 
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Figure 8-4. Minute ventilation change at 70% max 
workload. Error bars = SD. 
(significant level at minute 2, P<0.02) 
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Airflow 
For the breathing frequency and tidal volume, the mean of each data set was calculated 
over three consecutive breaths around the minute marker. This was done to reduce the 
influence of any outlying breaths caused by a cough or mouthpiece adjustment. By 
multiplying the average breathing frequency and average tidal volume it was possible to 
calculate the minute ventilation at 1-minute intervals. The following Figures 8-5,8-6,8- 
7,8-8,8-9 and 8-10 are for breathing frequency (50% and 70% max workload), tidal 
volume (50% and 70% max workload) and minute ventilation (50% and 70% max 
workload) respectively. 
Mean Breathing Frequency 50% (12 subjects) 
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Figure 8-5. Breathing frequency change at 50% max 
workload. Error bars = SD. 
(significance level at minute 3 only P<0.05) 
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Mean Breathing Frequency 70% (12 subjects) 
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Figure 8-6. Breathing frequency change at 70% max 
workload. Error bars = SD. 
(significance levels, minutes 1 and 2 P<0.01, minutes 1.5,2.5,3.5 and 4.5 P<0.005, minutes 3 and 
4 P<0.05 and minute 5 P<0.001) 
There is a mean shift in breathing frequency at 50% max workload of 1.4±0.4 breaths 
per min (mean±SD) between minutes 1 and 5 aggregated across all 12 subjects (Figure 
8-5). The VIMT rig caused significant changes in breathing at only one interval (at the 
end of minute 3 P<0.05). There is a mean shift in breathing frequency at 70% max 
workload of 5.0±1.3 breaths per min (mean±SD) aggregated across all 12 subjects 
(Figure 8-6). The VIMT rig causes significant changes in breathing frequency across the 
whole data set (P<0.05) except at the first interval where there is no significant change. 
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Mean Tidal Volume 50% (12 Subjects) 
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Figure 8-7. Tidal volume change at 50% max 
workload. Error bars = SD. 
(significance levels, P<0.001) 
There is a mean shift in tidal volume at 50% max workload of 0.9±0.1 litres 
(mean±SD) aggregated across all 12 subjects (Figure 8-7). The VIMT rig causes 
significant changes in tidal volume across the whole data set (P<0.001). There is a mean 
shift in tidal volume at 70% max workload at 0.5±0.2 litres (mean±SD) aggregated 
across all 12 subjects (Figure 8-8). The VIMT rig causes significant changes in tidal 
volume at all but two intervals (minutes 3 and 4.5) across the whole data set (max 
P<0.05). 
254 
Mean Tidal Volume 70% (12 subjects) 
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Figure 8-8. Tidal volume change at 70% max 
workload. Error bars = SD. 
(significance levels, minutes 0.5,1,1.5,2.5,4 P<0.005, minutes 2,3.5 and 5 P<0.05) 
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Figure 8-9. Minute ventilation change at 50% max 
workload. Error bars = SD. 
(significance levels, minutes 0.5,1,2 and 2.5 P<0.001, minutes 1.5,4,4.5 and 5 P<0.005, 
minutes 3 and 3.5 P<0.01) 
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Mean Minute Ventilation 70% (12 subjects) 
., 140 -- ------------------------------ -- c 
II ------------------------------------ --- ---- -- -+-Unloaded 
--------------------- ---- ---- --- ---- ---- Loaded 
-------------------- ---- ---- ---- ---- --- 
----- 
- -- 
-- --- 
--------------------------- 
v 60 ----------- ------------------------------------ 
50 ------------------------------------------------- 
40 ---------------------------------------------- 
Z 30 
0.5 1.0 1.5 2.0 1.5 3.0 3.5 4.0 4.5 5.0 
Time (min) 
Figure 8-10. Minute ventilation change at 70% max 
workload. Error bars = SD. 
(significant levels at minutes 0.5,3.5,4.5 and 5 P<0.05) 
There is a mean shift in minute ventilation at 50% max workload of 14.7±3.71-min' 
(mean±SD) aggregated across all 12 subjects (Figure 8-9). The VIMT rig causes 
significant changes in minute ventilation across the whole data set (max P<0.01). There 
is a mean shift in minute ventilation at 70% max workload of 5.5±3.81 min' 
(mean±SD) between minutes 1 and 5 aggregated across all 12 subjects (Figure 8-10). 
The VIMT rig causes significant changes in minute ventilation at four of the ten 
intervals (minutes 0.5,3.5 4.5and 5, P<0.05). On the whole however there is no 
significant change at 70% max workload. 
Pressure Profile 
For analysis of the pressure profiles as generated by the VIMT rig, 10 breaths were 
selected to represent each of the 5-minute data capture sessions. Criteria were set in 
order to select the pressure profile data sets for each subject, which was varied 
depending on the quality of that data recorded. Ideally, the subject would successfully 
achieve all ten of the sequential point loads, however this was in fact rarely the case. A 
good breath was therefore set as the successful completion of 9 sequential point loads. 
Analysis of the complete data sets for each subject highlighted the areas of consistency 
in the successful achievement of multiple, sequential load points. It became apparent 
that minute 3 contained the greatest number of completed profiles as defined above. 
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Thus the aim therefore became to record ten pressure profiles consisting of at least 9 
sequential point loads during minute 3. If this was not possible then the time period was 
extended to minutes 3 and 4 else minutes 3,4 and 5 and finally across the whole 5 
minute period if necessary, until 10 acceptable breaths were recorded. If within these 
time periods no 9-point profiles were found then profiles with 8 successfully achieved 
sequential point loads were accepted. Following this, 7,6 and so on. The specific results 
for this process showed that all but one subject provided aggregated pressure curves 
consisting of at least 8 points. The one subject not to achieve this generated outlying 
curves during both 50% and 70% tests. At 50% they stuttered during plateau 4 towards 
the middle of the inspiration causing a 0mb pressure reading. At 70% they were only 
able to overcome 5 sequential point loads. 
The pressure values recorded are the plateau values towards the right hand side of each 
occlusion pressure (Figure 8-11). The initial spike is an anomaly in the functionality 
caused by resistance to airflow. Further explanation and discussion of this will be dealt 
with in the discussion section of this chapter. 
Anomaly Pressure reading 
Figure 8-11. View of a single occlusion. 
The pressure profile in Figure 8-12 generated against the VIMT rig displays all the 
encountered anomalies of the system. These include the initial 0.25s control delay, the 
flow-resistive loading around the valve occlusion and the insufficient number of point 
loads for the specific breath duration. Each pressure spike is clearly visible and values 
obtained for this particular breath reach a maximum of 56.8mb (the point 1 load should 
have been 42mb or 30% of MIP at 140mb for this subject). It is apparent that between 
oscillations the pressure does not return to zero, indicating a certain amount of 
resistance to airflow (peak = 10mb) from the valve in its open position. 
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Figure 8-12. Sample pressure profile taken from 
data acquisition display showing 10 sequential 
occlusions and approximate scale. 
Using the post analysis tools within the data acquisition software (Acknowledge 3.7, 
Biopac) the peak pressure at each of the plateau points was recorded as a single value. 
These values were then aggregated by position number and plotted. Below is a good 
example taken from one of the subjects (Figure 8-13, inspired pressures are displayed 
on a positive scale), in which all breaths analysed were of matching point load number 
(10 sequential point loads). The line represents the mean pressure generation whilst the 
y-axis error bars are the standard deviation of the varying data. These results are taken 
from the test completed at 50% max workload. 
Mean Pressure Profile 50% (subject 22) 
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Figure 8-13. Mean pressure profile for a single 
subject at 50% max workload. Error bars = SD. 
The example profile in Figure 8-13 is consistent with the other subjects in terms of the 
approximate shape. All subjects displayed an unintended sharp increase in pressure 
development at the start of the breath followed by an unexpected secondary increase 
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and then the gradual decay over the remainder as defined by the loading profile. This 
decaying time and peak pressure varied (0.8 to 1.3s (all but 1 subject at 1.2 or 1.3s) and 
51 to 69mb (50% max workload) and 49 to 76mb (70% max workload) respectively). 
The data was normalised with respect to breath duration at 0.1s intervals and as a 
profile percentage. The pressure development and peak pressure position was then 
observed in terms of its changing profile. Separate figures have been prepared for the 
results obtained during 50% and 70% max workload tests. 
Five order polynomial functions were applied to each set of aggregated data, chosen to 
produce the greatest R2 value across all the data sets. The requirement for 5 degrees was 
due to one trace displaying multiple fluctuations. The resulting equation can then be 
implemented to split each profile into ten, 10% divisions. 
Mean Pressure Profile 1MT35 50% 
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Figure 8-14. Polynomial trend line fitted to mean 
pressure profile of subject IMT35 
Figure 8-14 shows a typical trend line and its associated 5 order polynomial equation. 
The R2 value in this case is 0.9984 suggesting a very good fit. For all 12 subjects the R2 
values ranged from 0.631 to 1 with only one data set producing a value below 0.97. The 
equations were used to generate a new data set of pressure values at 10% breath 
intervals. New plots were then produced with the 12 different pressure values at each of 
the ten intervals for the 50% and 70% tests. A trend line was fitted to the mean of the 
pressure values using 3 order polynomial functions eliciting R2 values of 0.97 and 0.98 
for 50% and 70% respectively. 
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The following traces (Figures 8-15 and 8-16) show that following the initial peak; the 
pressure plateaus between 40 and 50% of the inspiration. This flattening of the gradient 
is representative of the secondary pressure increase as previously reported. At 0% the 
plots display data equivalent to 0.25s into the inspiration, prior to this it can be assumed 
that the pressure increases from Omb. In both cases the initial mean peak pressure is 
approximately 60mb and the end mean pressure is approximately 20mb. 
Aggregated Breath Profile 50% (12 subjects) 
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Figure 8-15. Mean aggregated pressure generation as 
a percentage of a complete breath - 50% max 
workload 
Aggregated Breath Profile 70% (12 subjects) 
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Figure 8-16. Mean aggregated pressure generation as 
a percentage of a complete breath - 70% max 
workload 
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To produce the 0.1s interval plots each subject's mean pressure at O. ls intervals was 
placed into two tables (50% and 70%). These tables consist of various gaps in the data 
due to the changing inspiratory duration but provide a plot relative to the extremes in 
the data produced (0.3 to 1.2s). A trend line was fitted to the mean of the pressure 
values using 3 order polynomial functions eliciting RZ values of 0.96 and 0.97 for 50% 
and 70% respectively. 
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Figure 8-17. Mean aggregated pressure generation at 
O. is intervals - 50% max workload 
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Figure 8-18. Mean aggregated pressure generation 
O. ls intervals - 70% max workload 
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Figures 8-17 and 8-18 both show an initial pressure development of approximately 
60mb and an end pressure development of approximately 20mb. Both graphs 
demonstrate a point of inflection in the gradient at approximately 0.75s. 
8.2.4 Discussion 
The aim of the implementation study was to test the feasibility of the VIMT technology 
as a new means of loading the inspiratory muscles of a sporting population. The study 
has been designed to highlight any limitations in the technology so that future 
recommendations for development can be made for the improvement of the device's 
functionality. 
There are a few anomalies created by the occluding valve during a loaded inspiration. 
The main problem is defined by changing pressure values caused by a previously 
unconsidered flow-resistive loading that is periodically experienced. It should be made 
clear that an optimal system would have two conditions, completely open and 
completely occluded, with nothing in-between. The VIMT rig however, has a period 
within in each point load progression in which the valve is returning to an open or 
occluded position therefore altering the size of the aperture for a small duration and 
thus providing a flow resistive type stimulus. The pressures developed by an individual 
during this time are high and cause the initial spike anomaly as seen in Figure 8-11. 
The pressure value achieved within this spike should in theory be sufficient to 
overcome the point load setting and cause the valve to reopen, however, this spike is 
occurring during the time when the solenoid is travelling from an open position to a 
closed position, approximately 40ms. During this time the control hardware is not 
recording a pressure reading as it is set to wait until the valve is in occlusion. Following 
the initial spike the pressure values obtained form a plateau which becomes more stable 
as the valve reaches total occlusion and it is at the end of this plateau that the pressure 
reading is taken. Unfortunately because of the initial high effort caused by the flow 
resistive element, the following plateau is at a higher level than that required by the 
software to signal a successful load point completion, thus explaining the high pressure 
development compared to the preset load magnitude. 
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In an ideal situation the outcome of the VIMT load test would have been to provide 
additional work to the inspiratory muscles, signified by an increased heart rate 
compared to the equivalent exercise test with an absence of any load. This indication of 
increased whole-body workload would hopefully be without compromise of the 
breathing pattern (breathing frequency, tidal volume and minute ventilation) compared 
to what would be produced in the absence of the VIMT rig. 
In the case of heart rate increase, the results obtained during the 50% max workload 
test have been as expected with a significant increase (P<0.025) of 6.7±1.3bpm 
(mean±SD) across the compared tests at all but one interval indicating an additional 
workload on top of that provided by the cycle ergometer. This however, is not repeated 
in the 70% max workload test. Although there is a mean shift increase in heart rate of 
5.6±2.2bpm (mean±SD) it fails to reach significance. 
Rating of perceived exertion does not significantly change at either the 50 or 70% trials 
although there does seem to be a constant increase during the loaded trials. A shift in 
RPE would be expected given that the loading technology was causing additional work 
to take place. It is however a positive outcome in that a large shift in RPE would have 
represented the presence of a prohibitive level of discomfort. 
In terms of airflow, the anticipated result is achieved for breathing frequency during the 
50% max workload test with no significant difference between the tests with and 
without the VIMT rig present. As with the heart rate data, the breathing frequency 
results during the 70% max workload trial were unexpected with a significant (P<0.05) 
reduction of 5.0±1.29 breaths per min (mean±SD) over the complete tests. Secondly, 
tidal volume shows to be significantly increased in both 50% and 70% tests (P<0.001 
and P<0.05 respectively) with the greatest increase occurring during the 50% test with a 
0.9±0.11 (mean±SD) increase. The results from the 50% test are also highlighted by the 
minute ventilation, which is also significantly increased (P<0.01) mainly due to the 
contribution of the increased tidal volume. In the case of the 70% test almost half of 
the recorded intervals are significantly different (P<0.05) although not consistently 
increased or decreased. All in all these results suggest that to various degrees, the 
breathing pattern has indeed been changed. 
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These differences can in part be explained on closer inspection of the sequential loading 
points and the pressures generated by the subjects. The smooth profiles as observed 
during the earlier oscillating valve test (section 4.2.3) are not present during both the 50 
and 70% max workload tests as expected. The main cause for this is the previously 
reported control delay, which has caused an unnecessarily high-pressure generation at 
the first loading point (as highlighted by Figure 8-12, the pressure acquisition display 
sample). This is assumed to be a psychological `panic' response due to the subject's 
perception that an insufficient pressure generation is the cause of the sustained valve 
occlusion. 
It is believed that an increased habituation period would alleviate this problem by 
increasing the subject's confidence that the control is responsible for the extended 
occlusion and not the perceived insufficient pressure generation. The subsequent `panic' 
response could therefore be blamed in part for the changes to breathing pattern with 
this initial problem having a knock-on detrimental affect throughout the remainder of 
the inspiration as seen by the unexpected aggregated pressure profiles generated. 
Certainly, the unnecessary initial increase in effort could indeed explain the changes 
seen in tidal volume. During both exercise intensities the perception that insufficient air 
is available may have caused a drive for larger quantities of air during the loaded 
inspiration. 
The pressure profiles also highlight the fact that all but one subject maintained breath 
durations of 1.2 or 1.3s possibly causing the changes to breathing frequency with 
subjects attempting to fit breath duration rather than breathing at their normal rate. This 
may however be coincidental. The pressure profiles do however identify good 
consistency for both the 50 and 70% tests with high visual similarity. The two 
alternative methods of comparing the aggregated subject data (0.1s intervals and profile 
percentage) both produce essentially the same traces. 
The intended loading profile to be applied by the VIMT rig was a curvilinear decay with 
a continuous point-to-point decay factor of 0.9. If the mean maximal pressure (1 69mb) 
achieved by all subjects is considered then the theoretical mean decaying curve between 
0 and 100% inspiration would be as in Figure 8-19. The values used to generate this 
curve are from the Excel spreadsheet used to convert the MIP into a decaying loading 
profile. 
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Figure 8-19. Mean applied loading profile generated 
from mean MIP. 
Comparison of Figure 8-19 with the aggregated mean plots (percent profile) of both 
50% and 70% (Figures 8-15 and 8-16 respectively), which are normalised for breath 
duration, demonstrates that pressure generation during exercise does vary slightly from 
the intended decay profile. Both aggregated plots display an initial decay as expected, 
however, from a mean peak that is higher than expected (approximately 60mb). This 
suggests that the consistent `panic' response has been brought on by the initial delay 
within all subjects. Further differences seen on the aggregated profiles are the inflection 
in the decay towards the middle of the breath. It seems that the `panic' response is 
sustained throughout the inspiration resulting in unnecessarily high pressure generation. 
The final pressure generation described by each of these plots is as per expected at 
approximately 20mb. 
For further comparative purposes to check if the general rate of decay was indeed 
achieved, a linear trend line can be fitted to each of these plots. Figures 8-20,8-21,8- 
22,8-23 and 8-24 describe these plots for the intended profile, the 0.1s interval (50 and 
70%), and the percentage breath profiles (50 and 70%) respectively. 
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Figure 8-20. Mean applied loading profile generated 
from mean MIP (linear trend line fitted) 
The trend line fitted to Figure 8-20 demonstrates an R2 value of 0.98 and an 
equivalent linear decay rate of 3.42mb point'. 
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Figure 8-21. Linear trend line generated during 50% 
load, O. ls intervals 
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Figure 8-22. Linear trend line generated during 70% 
load, 0.1s intervals 
Reasonable correlation coefficients are achieved for the O. ls interval plots, both can be 
rounded to 0.9 and the rates of decay are very similar compared to the expected mean 
plot, -3.42mb point' compared with -3.26mb -s-' and -4.1mb s-' (these values have been 
reduced by a factor of 10 to provide an equivalent scale) for 50 and 70% workloads 
respectively. 
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Figure 8-23. Linear trend line generated during 50% 
load, percentage breath completed 
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Figure 8-24. Linear trend line generated during 70% 
load, percentage breath completed 
Reasonable correlation coefficients are also achieved for the percentage breath plots, 
both can be rounded to 0.85 and the rates of decay are very similar compared to the 
expected mean plot, -3.42mb point-' compared with -2.7mb -%-' and -2.9mb "%' (in 
equivalent scale) for 50 and 70% workloads respectively. 
The reduction in rate of decay for the O. ls interval at 50%, and percentage breath for 
both 50% and 70% workloads seems to be due to a higher than expected end pressure 
generation suggesting an enhanced effort throughout the breath. The increase in rate of 
decay for the 0.1s interval at 70% is caused by a higher than expected initial pressure 
development suggesting an explosive response form the subjects at the commencement 
of an inspiration. In all cases the initial and end pressures generated are slightly higher 
then expected (mean expected initial pressure = 50.7mb, mean expected end pressure = 
19.6mb). This may prove to be further evidence of the presence of the `panic' response. 
It seems that heightened pressure generation has been sustained throughout the 
inspiration. 
There is a possibility that the applied load may not have been suitable for this study 
group. The profile used, was developed from a group of subjects displaying a VT/VC 
ratio of 55%. For this study group (mean VC = 6.55±0.81) the equivalent values are 
59% (mean VT = 3.88±0.11) and 56% (mean VT = 3.66±0.11) for loaded (50 and 70% 
workloads respectively) and 46% (mean VT = 2.99±0.11) and 49% (mean VT = 3.2±0.11) 
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for unloaded sessions (50 and 70% workloads respectively). The mean of these is 53% 
suggesting that a profile developed for a 55% VT/VC should essentially be appropriate. 
To check load decay against actual pressure generation a single subject's data must be 
consulted. Subject IMT36 achieved a maximum inspiratory pressure of 140cmH2O 
(137mb) during static tests. Their peak load should therefore have been 41 mb. The 
mean pressure profile produced during 50% loading is shown in Figure 8-25. 
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Figure 8-25. Mean pressure generation during all 
breaths with polynomial trend line, single subject 
The 10 programmed load points were 41,37,33,30,27,24,22,20,18 and 16. The 
approximate generated pressures were actually 51,39,39,37,37,36,35,33,28 and 21, 
which are all higher than anticipated confirming the excessive effort being made by this 
subject. 
The key therefore to improving the implementation is both the removal of the control 
delay and the availability of providing more than ten point loads. These modifications 
would permit a smooth pressure generation with an elimination or reduction of the 
`panic' response and also allow the subject to maintain inspiratory duration and 
subsequent breathing frequency. Additional habituation periods would also be vital. It 
may also be true that the selection of a greater rate of decay i. e. -0.9mb -1-' as defined by 
the static maximal pressure curves or indeed a rolling profile as defined by the dynamic 
pressure generation developed from the oscillating valve test (section 4.2.3.2) may also 
have alleviated the panic response by providing a more suitable stimulus. It remains 
Mean Pressure Profile IMT36 50% 
y= -855.88x5 + 3481.3x4 - 5568.8x3 + 4327x2 - 1624. lx + 272.97 
R2 = 0.9927 
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however, that during these trials a relatively low VIMT load intensity (30%) was selected 
and deemed to be well within the capabilities of the subjects. The various levels of 
`panic' were unexpected particularly due to the experiments completed during the bench 
testing period. This was backed-up by numerous occasions in which the investigator 
(well habituated with the technology) was able to successfully demonstrate to subjects 
complaining of an inability to complete a loaded inspiration, that their particular setting 
was indeed possible even when on certain occasions, the investigator had a much lower 
MIP capability compared to that of the particular subject. 
The remaining anomaly is the inconsistency between the 50% and 70% workload tests. 
It is likely that residual fatigue was responsible for the failure of the 70% max workload 
test to show positive results. Perhaps if the distribution of the workload had also been 
randomised during the test procedure this would have been reduced. Splitting the 
subjects into two groups, one that completed to the 50% trial first and one that 
completed the 70% trial first could have achieved this. Secondarily, an increase rest time 
between exercise bouts may have also been beneficial to the generation of improved 
consistency. Alternatively the heart rate results may be coupled to minute ventilation 
(VE). During the 50% trial a significant increase in V. is observed alongside the 
increased heart rate whereas a no consistent significant change in VE is observed during 
the 70% trial alongside a non-significant change in heart rate. It could therefore be 
proposed that the shift in heart rate was due to changes in VE and that the 30% loading 
intensity was not high enough to elicit an additional workload of sufficient magnitude. 
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Chapter 9 
9.0 GENERAL DISCUSSION 
9.1 Introduction 
This chapter aims to review the major findings of this thesis and to explain their context 
within the existing literature. A summary of existing product limitations will be provided 
and compared to what is considered to be the ideal inspiratory muscle training 
technology followed by a brief description of the generated solutions. The mechanisms 
used to compare and develop the new technological advances against the ideal model 
are also described. The novel contributions to the existing literature will then be 
highlighted. This will be followed by the exploration of the perceived limitations of the 
current thesis as well as recommendations for future research. 
9.1.1 Existing Technology 
Contention has surrounded the efficacy of the ergogenic benefits afforded by 
inspiratory muscle training (IMT). The basis of this thesis is the belief that a major 
contributing factor to this is due to the applied technology itself and its functionality 
with respect to the ventilatory characteristics during exercise. Studies have successfully 
shown that IMT does elicit performance enhancements via several adaptations such as 
increased inspiratory muscle strength and endurance (Tzelepis et al., 1994 and Fairbarn 
et al., 1991), reduced blood lactate levels (e. g. Spengler et al., 1999), increased time trial 
performance and a reduction in perceived exertion (e. g. Volianitis etal., 2001 and Romer 
et al., 2002). 
Publications that argue otherwise (Williams etal. 2002, Sonetti etal. 2001, Hart etal. 2001 
and Inbar et aL 2000) tend to focus on outcome measures such as maximal oxygen 
uptake, that remain essentially unchanged, rather than the affects of a redistribution of 
the consumed oxygen, which is key in understanding the benefits of carrying out an 
IMT regime. A further commonality amongst these studies is that small sample sizes are 
examined often with large variability, which hides the presence of any significant 
improvements in performance. These facts were the fundamental basis for the 
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argument that a new technology was required and the current thesis has sought to 
provide means to further eliminate contention by approaching the issues from an 
alternative angle, that being of increasing the functional relevance of training the 
inspiratory muscles in the hope that adaptation of a more specific nature will be 
achieved. 
Essentially, it is believed that the main problem associated with current technologies is 
the relevance gap between the generally fixed applied load and the varying ventilatory 
characteristics as generated by different exercises or intensities of physical activity. All of 
the existing technologies analysed within this thesis have required a user or participant 
to complete either maximal, static manoeuvres often in the seated position or to be 
confined to an environment that does not permit normal exercise or training protocols 
to take place i. e. a research laboratory. 
I have suggested that if the training stimulus were to match the force and flow 
generating capabilities of the inspiratory muscles, then this should permit normal flow- 
volume loops and pressure-volume profiles to be completed during its implementation. 
The inspiratory muscles would then adapt accordingly. Tzelepis et al. (1994) reported 
that the type of training (respiratory) is indeed highly specific to the measured benefits. 
Hyperpnoea for example is one technology that has been approached that does provide 
the desired increased ventilation levels providing improvements in inspiratory muscle 
endurance but unfortunately no strength benefits are received and substantial additional 
equipment is required in the form of gas control or rebreathing circuits and/or visual or 
aural aids to ensure fixed breathing patterns. Flow-resistive technologies including, for 
the purpose of the discussion, the TIRE method also suffer from the requirement to 
control breathing pattern to elicit a training response. It is only the TIRE method that 
sufficiently loads the inspiratory muscles at the point that they are capable of generating 
high forces. Flow-resistive technology in its simplest form does however provide the 
ability to load in an ambulatory situation. Pressure-threshold technology has received 
the greatest attention in the current thesis due its repeatability and reliability whilst also 
not having the requirement of any visual encouragement. This method however has 
been discussed in Chapter 3 as not permitting a normal flow-volume loop to occur due 
to the presence of a fixed load. An alternative means of training the inspiratory muscles 
via thoracic restriction has also been considered. This technique was believed to display 
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similar drawbacks of load accuracy and alteration of breathing pattern (DiMarco et al., 
1981 and Nishino et al., 1992) as seen with flow-resistive loading, however certain 
literature (Furian et al., 1998) did suggest that its full potential had not been met. 
It seemed therefore that no technology matched specific human requirements during 
exercise whereby normal muscle synergies and ventilatory patterns could exist. This may 
have resulted in sub-optimal inspiratory muscle development. Current technology did 
however provided strong foundations for identification of this theoretical ideal or 
innovative technology. 
9.1.2 Technology Innovation 
The characteristics of an innovative technology have been defined within the Product 
Design Specification as a direct result of the conclusions made from the analysis of the 
limitations of existing technologies and the examination of the user in an exercise 
situation for further classification of more specific requirements. 
Specific values aside, the device had to demonstrate the following key capabilities: 
" It should be ambulatory in its application. 
" It should provide a load in accordance with the force generating capabilities of 
the inspiratory muscles of an individual. 
" It should match the ventilatory characteristics for given activities and be 
responsive to match changing ventilatory requirements, i. e. sport specific. 
Following these conclusions the direction of the thesis became clear and the major 
research activities could be defined. A series of studies and experiments were planned to 
a) define the user requirements pertinent to a dynamically applied training technology 
and b) design, develop and test both bench and prototype new technologies that would 
fulfil a comprehensive Product Design Specification (PDS). 
9.2 Main Activities 
The main activities of the current thesis relate to the development of the new 
technologies. These activities can be split into two distinct stages. Firstly, innovative 
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approaches that have been made in order to improve upon the existing methods of 
prescribing an inspiratory training load. Secondly, the parallel process of developing two 
distinct emerging technologies (thoracic restricting technology and variable pressure 
threshold technology). 
The first stage followed the identification of the limitations of existing technologies, 
whereby inadequacies in measurement techniques such as maximal inspiratory pressure 
(MIP) were highlighted as well as the fact that limited literature existed regarding 
suitable load prescription measures relevant to thoracic restricting devices. The basis of 
the discussion in this section are the technique developed to produce a new dynamic 
measure of mouth pressure generation across a lung volume range, the measurement of 
circumferential force generation across a lung volume range and also the three 
dimensional displacement at various anatomical landmarks. 
These new measures and variables have been successfully implemented to complete a 
comprehensive PDS and ultimately, new IMT technologies that complete the second 
stage of the main activities to be discussed. An extensive design process is discussed in 
this section including the development of proof of principles rigs, assembly testing and 
calculated component specification. The resulting two technologies, a thoracic 
restricting technology, which was developed to a theoretical final design, and a variable 
occlusion technology (VIMI), which was implemented in a group of healthy adult 
males receive the focus of this discussion. 
9.2.1 Oscillating Valve 
Prior to the development of a mouth occlusion technology, it was felt necessary to 
further understand mouth pressure generation during a spontaneous, dynamic 
inspiration in order to provide an alternative means of prescribing a dynamic inspiratory 
load compared to the methods normally completed i. e. a fixed percentage of MIP. The 
first study was therefore envisaged as a means of improving or supplementing the MIP 
value and defining a more relevant measure that incorporated pressure generation 
during a spontaneous, dynamic inspiration across the exercising lung volume range. The 
aim was to expand upon the work completed by investigators such as Ratnovsky et al. 
(1999) and Ringqvist (1966), amongst others who generated maximal pressure-volume 
curves through the completion of repeated isometric contractions at various lung 
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volumes (RV to TLC). The new technique used in the current thesis, involved the 
application of a purpose built oscillating valve, which permitted normal spontaneous 
breathingwhilst sequential sub-maximal pressure measurements were taken during each 
inspiration. The result was a dynamic pressure-volume curve specific to the drive to 
generate inspiratory pressure at a given exercise intensity. 
Comparison of the generated dynamic pressure-volume profile with the static published 
profiles led to what was believed to be a suitable alternative loading profile. This loading 
profile formed an important addition to the PDS for implementation in the prototype 
technologies. 
9.2.2 Thoracic Force Generation 
Further to the measurement of inspiratory effort at the mouth it was also believed 
important to take measurements at the surface of the thorax. A second study was 
therefore conceived to measure the tensile force capacity that an individual could 
generate during an inspiration. The second study was considered necessary following 
the analysis of a publication by Cline etal. (1999) who prescribed a thoracic load without 
justification of its magnitude. It was believed that suitable measurements should first be 
made before the development of a thorax-restricting technology could be completed. 
These measurements were completed using a purpose built unit consisting an inelastic 
belt and strain gauge set-up. The result was a maximal static force-volume curve, which 
displayed similar characteristics to the published maximal static pressure-volume curves 
in that it decayed from a maximal value measured at RV to a minimum at TLC. The 
equivalent linear rate of decay was 1.2N "1-' compared to 0.9mb "1-' for measures taken at 
the mouth (section 7.2.4.3). Ideally, further development of this technique would be as 
per the oscillating valve concept whereby a profile of dynamic force generation during 
spontaneous breathing could be developed. For the current thesis however, the specific 
values formed an important addition to the PDS for implementation in the prototype 
technologies. 
9.2.3 Thoracic Displacement 
The final study completed prior to the commencement of the generation of design 
solutions involved an extension to the thoracic force generating measures. Although the 
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generated force-volume curve gave an indication of the change in force development 
across an inspiration, it was felt that the volume at which this occurred could not be 
directly transferred to a displacement at the thoracic surface. It was therefore decided 
that displacements at the thoracic surface should also be measured. The specific 
technique was inspired by an optical method for lung volume measurement developed 
by Carnevali et al. (1996) and required the implementation of 3-dimensional motion 
analysis hardware (CODA, Charnwood Dynamics, UK) to monitor thoracic 
displacement during a full inspiration. The result of this work was a detailed map of the 
vector displacement around the thorax. This map was then used to identify the thoracic 
areas most suitable for receiving loading. 
This information formed an important addition to the PDS for implementation in the 
prototype technologies. This is a novel application of the CODA system, which has 
potential for further development. Further to the current thesis, it is felt that analysis of 
thoracic displacement using this technique could be implemented in a range of sports 
disciplines and also in clinical research. 
9.2.4 Key Designs 
An iterative process was followed to produce a comprehensive array of possible IMT 
solutions. The schematic solutions generated initially, ensured that critical assessment 
could help to avoid the development of technologies that might prove impractical or 
beyond the capabilities of the available manufacturing facilities. It was decided that two 
different designs should receive the focus of any major development. These consisted a 
thoracic restricting technology and a mouth positioned, variable loading technology 
called Variable Inspiratory Muscle Training (VIMT) technology. 
9.2.4.1 Thoracic Loading Technology 
The prototype technology developed to externally load the thorax was not the 
conceived final design but a feasibility study of an elastic strap device. The reason for 
this was to examine the extent of any present alteration in breathing pattern. It was 
believed that the ability to adjust load at different points around the thorax would 
minimise this issue. It was perceived that this technology had great potential due to its 
simplicity and the removal of the load from the mouth, thus having beneficial 
psychological effects. This is a speculative view and its extent has not been tested. 
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The study of this technology, involving a single male subject, demonstrated a significant 
increase in heart rate indicating the presence of an additional load upon the respiratory 
system. This change did not seem to compromise the breathing pattern of this 
individual however the potential of an order effect must be acknowledged as partially 
responsible for the heart rate increase. 
The main reason for the development of this technology was following the publication 
of Furian et al. (1998). Their application of a simple latex band over a 5-week training 
program elicited a significant increase in exercise time at anaerobic threshold with 
reduced heart rate and lactate levels compared to pre-test suggesting that this method 
was indeed a suitable training technique for ergogenic benefits. In their publication, 
there is however no mention of any effects on breathing pattern probably due to the 
nature of the training, which appears to be through maximal inspirations. 
The resulting conclusion is therefore that the elastic strap study has suggested that 
improved load location can elicit an additional workload without compromising 
breathing pattern. If this is coupled to the improved performance results demonstrated 
by Furian et al. (1998) then this technology shows great potential for fulfilling the 
requirement of providing a truly ambulatory technology. In an attempt to ensure this, 
further technological steps have been calculated and suggested. The cam design in 
particular should dramatically improve the functionality of the thoracic restricting 
technology permitting the decaying load as per the force generating capabilities of the 
thorax thus further fitting the requirements of the PDS. The described final design 
therefore represents a novel approach to inspiratory muscle training by improving on 
the existing technology. Its key attributes are the true ambulatory loading, the ability to 
match a load to the force generating capabilities of the thoracic muscles and the 
suitability of the device to be used within existing training regimes. 
9.2.4.2 VIMT Technology 
The prototype technology developed to load the inspiratory muscles via technology 
placed at the mouth is an evolutionary step, combining the positive aspects of existing 
technologies (Bardsley et al's pressure-threshold device, 1992) and the functionality 
described by Kessler et al. (1999) to measure airway resistance (interruption technique). 
The final device permits the selection of any profile that loads the inspiratory muscles in 
a manner that matches their pressure generating capabilities. By providing sequential 
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threshold loads generated using a responsive solenoid valve the unit can mimic existing 
successful pressure-threshold devices such as the Powerbreathe (Caine and 
McConnell, 2000) however by manipulation of each of the load points the loading 
profile can take any form across an inspiration. 
The VIMT technology exceeds the requirements of the PDS in all but one of the 
criteria. It's capability to provide any desired loading profile permits the prescription of 
the decaying load suitable for any individual. This variability also benefits any future 
developments or theories relating to inspiratory load prescription. The one criterion that 
has not been met is the ability to permit true ambulatory loading due to the technology 
requiring several pieces of large computer hardware. This factor limits its location to the 
laboratory and a fixed cycle ergometer, a major critique of certain existing technologies, 
however it is also firmly believed that each component could be replaced by a small 
purpose built system that could be located on a belt of some description thus providing 
ambulatory capabilities. 
The study of this technology, which became the final focus of the current thesis, did 
highlight a number of issues related to the functionality of the VIMT prototype. It was 
hypothesised that being able to match the characteristics of a dynamic breathing profile 
would permit subjects to normally exercise whilst to a degree maintaining existing 
breathing patterns. It seemed however from the results of the study that this was not 
achieved. Primarily, it is believed that this was due to an insufficient habituation period. 
Possible future modifications of the unit to minimise these issues have been identified 
as a result (to be discussed). The main requirement of the device was to apply a load to 
the inspiratory muscles, as indicated by an increase in heart rate. This does occur with 
the VIMT load present during the 50% max workload trial. 
In conclusion, although the results were unexpected in terms of the subjects' reaction to 
the VIMT technology, the device functionality has been proven as a research tool. This 
system is unrivalled in being able to prescribe an adjustable, responsive decaying load to 
the inspiratory muscles. Clearly, errors were made with specific settings; possibly load 
allocation, but certainly in the chosen habituation period (limitations to be discussed). 
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9.2.5 Identification of Novel Contribution 
From the outset of this thesis the focus for contributing to the existing body of 
literature has been via an addition or improvement to the present methods of providing 
load to the inspiratory muscles. This has been successful two-fold with designs that 
advance the available functionality and application of IMT. In working towards these 
solutions there have also been advances made in the characterization of subjects for 
inspiratory load prescription. These are the oscillating valve, which permits the 
identification of a dynamic pressure-volume curve, the thoracic force measurement belt, 
which permits the identification of a static force-volume curve and finally the thoracic 
displacement method, which has permitted the analysis of exact vector displacement, 
speed and velocity of surface points on the thorax. 
9.2.5.1 Thoracic Restricting Technology 
The fully developed elastic/ friction thoracic loading technology has not been tested in a 
complete prototype form however its design provides novel contribution in several 
areas. The combination of elastic panels and friction cam mechanisms theoretically 
enables a decaying load profile similar to the generated force-volume curve. It is not 
known if this curve is suitable for dynamic breathing manoeuvres however it is assumed 
that similar relationships exist as per the information developed using the oscillating 
valve for the VIMT technology. It was not considered critical in the case of the tested 
thoracic restricting technology due the applied load having a comparatively much lower 
resolution. 
The second, and possibly most important, novel aspect is the capacity to provide true 
ambulatory loading. Prior to the additional design modifications, the elastic strap 
prototype has been shown successful in providing a load to the inspiratory muscles 
during exercise (assuming the order effect is only partially responsible for the observed 
heart rate increase) which does not compromise breathing pattern and is not limited to 
the laboratory environment. In terms of commercial development, this device may 
indeed provide an appropriate synergy of the necessary low cost, low impact and low 
maintenance requirements of everyday training regimes. 
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9.2.5.2 VIMT technology 
Assuming that the correct or improved settings were selected for the implementation 
and the subjects were sufficiently habituated then it is believed that the VIMT 
technology would have been able to elicit an inspiratory load with a reduced 
compromise of breathing pattern. 
The key novel contribution of this technology is the control over the loading profile, 
which can be manipulated to produce infinite profile configurations and has the 
potential for real time breath duration changes. Most importantly the control over the 
loading profile permits a user to match their own mouth pressure development 
characteristics relevant to those produced during exercise or indeed at rest if desired. 
Existing technology has focussed on providing a load to a subject in a static position 
generally due to the requirement for altered breathing dynamics during the manoeuvre. 
The VIMT technology eliminates this constraint and therefore permits the user to carry 
out the IMT as part of existing training protocols. In theory the system could be used 
whilst running, rowing, cycling etc. thus offering the opportunity to test whether high 
specificity provides additional ergogenic benefits. 
9.3 Limitations 
The project limitations can be separated into three main areas; the technology itself, the 
application of the technology and the general limitations that were beyond immediate 
control during the development and implementation process. 
9.3.1 Technology Limitations 
9.3.1.1 Thoracic Restricting Technology 
In prototype form, the elastic strap device demonstrates its major limitation, as it cannot 
provide a defined decaying load to the inspiratory muscles therefore not matching the 
force generating capabilities of the inspiratory muscles. It was anticipated that this 
discrepancy would be problematic in terms of breathing pattern although in the case 
study test this was not evident. 
A further limitation is that for a given prototype, the magnitude of the load is relatively 
fixed and undefined. The technology does have a means of adjustment but this will only 
be suitable for an individual with certain body dimensions. This limitation would 
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therefore result in an inconsistent load for different sized users and potentially no load 
for particularly small users. This was not a problem during this thesis due to the 
involvement of only a single subject whose characteristics were used in the development 
of the elastic strap unit. 
9.3.1.2 VIMT Technology 
The main limitations of the VIMT technology in its current configuration are the 
quantity and frequency of the point loads and the control delay that have already been 
alluded to. 
First, considering the point load distribution, it became apparent during the bench 
testing process that provision of the point loads across a prolonged inspiration at a low 
frequency (<10Hz) caused discomfort to the user by stuttering the breath and making it 
awkward to maintain normal ventilatory characteristics for a given exercise intensity. It 
was not anticipated that required frequencies of occlusion would exceed the solenoid's 
capabilities and therefore 10 point-loads were deemed sufficient. The resulting 
modifications involved the positioning of the 10 point-loads at the beginning of the 
breath at a fixed frequency. This eliminated the problem of stuttering but for individuals 
who selected a longer inspiration (>Is) no load was experienced towards the end of the 
breath. 
A problem that further limited the desired functionality of the VIMT technology was 
the presence of a control system delay. This 0.25s delay occurred at the very beginning 
of each inspiration and its cause although not proven is believed to be due to the 
preparation of a data buffer. In theory a data buffer is not required as the signal should 
be read directly thus permitting the unit to function in real time. However a solution 
remains to be found. Certainly the combination of these events may be largely 
responsible for difficulties experienced by the subjects during habituation with the 
equipment. 
Comparing this technology with, for example, pressure-threshold loading it is apparent 
that the work of breathing for a single breath is lower in magnitude with the current 
intensity setting of 30% MIP. Over short duration this may prove to be a limitation 
with regards to successfully achieving overload. The ability to use this technology during 
normal extended sporting activities (not permitted using existing pressure-threshold 
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training regimes) should however permit a comparable total level of work. Alternative 
intensities can also be selected. 
Finally, if commercial development was to be considered there are limitations associated 
with the VIMT technology in its current form. It is anticipated that even following 
development and miniaturisation of the components to permit ambulatory use, the 
resulting retail cost would likely be prohibitive for mass manufacture and mainstream 
use. 
9.3.2 Application Limitations 
9.3.2.1 Introduction 
Aside from the technology itself there are also limitations with respect to the chosen 
methods for application of the technology during the study periods. These limitations 
may be responsible for inconsistencies or unexpected results. As previously, the 
limitations of the application of the individual technologies will be approached 
separately. 
9.3.2.2 Thoracic Restricting Technology 
The key limitation in the application of the elastic strap device is in the extent of the 
testing. Only a single subject was exposed to the device in order to make conclusions 
and only one exercise intensity was used. Also, no precautions were taken to test the 
presence of an order effect. As a result it is not therefore known whether or not the 
data generated are specific to that individual or representative of a larger population. 
Interpretation must therefore be treated with extreme care. Realistically, all that we are 
able to conclude at this time is that further development in this area appears justified. 
9.3.2.3 VIMT Technology 
There are comparatively more options for load settings using the VIMT technology and 
therefore more potential for error in the chosen application. In respect of this the 
choice of loading profile could have been a limitation responsible for affecting the 
outcome of the initial implementation study. It was speculated during the discussions 
relating to the loading profile that the chosen curvilinear decay, which was developed 
from the oscillating valve test output, might not be optimal in terms of training the 
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inspiratory muscles. With this in mind it may be useful to test a range of loading profile 
options for comparative purposes. 
The second setting that had potentially limiting implications is the choice of loading 
intensity or start pressure (30% MIP). This particular intensity was chosen as a 
compromise between reducing habituation time for the equipment and eliciting a 
loading stimulus upon the inspiration without reducing the ability to complete the 
exercise protocol. With this in mind it may have been useful to test a selection of 
intensities for comparative purposes. 
In reference to the habituation period, it may have been beneficial to complete this 
process on a separate occasion rather than immediately prior to the commencement of 
the exercise protocol. It is reasonable to speculate that limited habituation time may 
have been responsible for a perceived `panic' response during the exercise tests. 
The exercise protocol itself may also have been a limiting factor in that it was shown in 
Chapter 8 that residual fatigue between bouts might have affected results. Subjects 
performed four 5min bouts of cycling at 50% (first two bouts) and 70% (second two 
bouts) maximum workload with only 3 minutes separating each one. It was anticipated 
that a significant change in heart rate would be observed at both intensities signifying 
the presence of the additional work of breathing. This was the case at 50% but although 
there was a visible difference, it failed to reach significance during the 70% trial. One 
possible explanation is therefore that the short recovery periods may have limited the 
subjects' ability to resist fatigue during the 70% trial following the two previous bouts at 
50% particularly if the loaded trial was preceded by an unloaded 70% bout (dependent 
on random option applied). Alternatively the heart rate results may be coupled to 
minute ventilation (VE). During the 50% trial a significant increase in V. is observed 
alongside the increased heart rate whereas a no consistent significant change in V,, is 
observed during the 70% trial alongside a non-significant change in heart rate. It could 
therefore be proposed that the shift in heart rate was due to changes in VE and that the 
30% loading intensity was not high enough to elicit an additional workload of sufficient 
magnitude. 
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9.3.3 General Limitations 
The key general limitation is the fact that neither technology was implemented in an 
intervention study to prove or disprove the hypothesis that a focus on specificity 
provides improved ergogenic benefits. This is considered to be an important aspect of 
future work involving the developed technology. 
The general limitations associated with the sort of measures that have been taken are 
due to the motivational levels and consistency achieved from the subjects. Whilst every 
effort was made to minimise any variability in the data, it is inevitable that certain 
individuals will understand the preferred manoeuvre more fully than others and 
compete to a greater degree to produce the best results. Physical condition at the time 
of the tests may also have been crucial. Each of the subjects were maintaining training 
programs separately from the testing procedure however no arrangements were made 
on behalf of the investigator to choose a test date that avoided the normal training or 
allowed for sufficient rest periods, this was left up to the subject. On the day of the test 
it was also left to the subject to ensure adequate hydration and energy levels although 
advice was given. 
The environment in which the tests were completed may also have affected the 
subjects. Temperature and humidity were maintained at relatively constant levels 
although no direct control was available. Also, the location for the testing was within a 
shared laboratory and unavoidable distractions were occasionally present although every 
effort was made to focus the subject during testing. 
9.4 Future Developments 
9.4.1 Thoracic Restrictive Technology 
The major improvements that are felt necessary for the thoracic restricting technology 
itself are based around the flexibility of the technology and the resolution of the applied 
load. Considering the final design iteration and presuming that this method is the most 
suitable for loading the inspiratory muscles, there remains the requirement of a scale for 
quantification of any load. This may not be numerical due to the likely variation caused 
by users of different sizes and change in fit, however the ability to alter between a low, 
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medium and high load would be beneficial particularly to ensure feedback to the user 
for progress and improvement purposes. 
Further to this and in addressing the fit issues there may be a requirement for 
interchangeable loading components to suit different individuals. This would also 
provide further functionality in that alternative and varying training intensities could be 
selected depending on the sporting discipline of that individual. 
9.4.2 VIMT Technology 
The most important recommendations for the development of the VIMT technology 
involve the minimisation of the changes incurred upon the breathing pattern. Primarily, 
the software requires tweaking to remove the delay at the commencement of each 
inspiration thus reducing any `panic' from the user. Similarly it seems that the chosen 
functionality of providing 10 sequential point loads may be insufficient for many users. 
An alternative functionality that should be tested in any future development is the 
inclusion of additional point loads to ensure that the frequency of the load application is 
not compromised in extended inspirations. 
Finally, with regards to the functionality of the VIMT technology itself, it is important 
to understand the role that the loading profile plays. The most suitable method for 
future justification of the profile geometry is believed to include the testing of a 
selection of intensities, and profiles. These should include the linear decay rate as 
demonstrated by the static maximal pressure-volume curves within the dynamic lung 
volume range and also the dynamic sub-maximal pressure-volume curve generated 
using the oscillating valve. 
To this end the future of this technology may remain in the research arena rather than 
as a commercial development. The ability to test a wide variety of profiles may prove 
useful in the identification a specific loading profile suitable for implementation within a 
simplified device. 
9.4.3 General Developments 
In general, future tests should be performed in larger study groups. This is particularly 
the case with respect to the use of the elastic strap prototype. This would ensure that 
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the described effects are consistent but relevantly to both the technologies, the testing 
should be split over several separate visits to the laboratory to permit recovery and to 
minimise the onset of residual fatigue. 
The most useful future development particularly in the context of the current thesis 
would be to compare the two developed technologies alongside existing technologies 
with the inclusion of a sham and or control group in a full intervention study. This 
activity, if properly conducted, would enable the full justification of comments relating 
to the successful development of an optimal or improved inspiratory muscle training 
technology. 
Assuming that the VIMT technology undergoes the suggested improvements and the 
thoracic restricting design can be fully realised there is a great deal of commercial and 
clinical potential for these technologies. Mass production of the units would possibly 
best suit the thoracic restricting technology due to its relative simplicity and ease of use. 
This device could therefore be sold alongside existing technology in sports retail outlets. 
The key challenge in achieving this would be to overcome the problem of fit. It is 
envisaged that several `size' options would be necessary as well as a wide range of 
adjustability. The loading scale would also have to accommodate for this variation. It is 
not considered likely that this technology would crossover into the clinical arena for the 
reason that its functional strength is its ambulatory capability thus being suited to those 
capable of completing exercise. 
The VIMT technology on the other hand can be manipulated to suit any individual or 
clinical condition. Mass production of this unit is likely to require high costs and a 
substantial packaging activity to transfer the technology into a standalone portable unit. 
This new technology is likely to be most attractive to elite athletes and within the clinical 
arena as mentioned due to the ability to tailor the device to a specific sporting event or 
disease characteristic. The key challenge in achieving this is the replacement of the PC 
control system with a bespoke processor and power supply without compromising 
physical activities. 
286 
9.5 Conclusions 
The present thesis has demonstrated the development of new inspiratory muscle 
loading technologies. The thesis has been successful in fulfilling the criteria set out by 
the product design specification to generate an innovative solution albeit in two separate 
developments. In their most basic terms these are a true ambulatory technology and the 
provision of a variable load that can be altered to match the dynamic pressure 
generating capabilities of any individual. 
The current work permits the further assessment of the ergogenic role of IMT devices. 
The main aim of the project was to reduce the controversy surrounding existing 
technology by means of refining the technology with regards to its functionality within a 
sporting population. The final solutions permit the future testing of the possibility that a 
highly specific load in terms of ambulatory application and a high level of variability to 
suit individual requirements provides improved ergogenic development. Before firm 
conclusions can be made, extended intervention studies are vital, not just to further 
prove the technologies developed within this thesis, but also to enable a true 
comparison with existing technologies. 
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APPENDICES 
Actuator Selection 
(Supplementary to Chapter 6, section 2) 
Introduction 
The basic ideas outlined in the initial design section can now be approached in a more 
selective manner. More information is clearly required on the practical implementation 
of solenoids, holding magnets and piezoelectric elements. The final choice is intended 
to provide a compromise in its suitability for the current project. One concern would be 
the skills and time required to develop certain actuator systems which may take the 
emphasis away from the technology testing as a whole. The fundamental aim of the 
project is to produce a functioning proof of principles technology and not a final 
prototype. 
Solenoids and Electromagnets 
A solenoid is an electromagnetic tube that is used to move a piece of metal linearly. In 
most cases this metal is replaced with a permanent magnet thus allowing movement of 
the magnet in and out by changing the direction of the magnetic field. In the case of a 
pneumatic valve the solenoid is responsible for controlling the flow of compressed air 
that provides the driving force for the valve (www. festo. com). These are commonly 
used with high pressures and flows and for the reason that they provide rapid switching. 
Due to the relatively small pressures involved in the training device the solenoid could 
itself provide the force to open and close a valve. 
Busch-Vishniac (1998) refers to literature taken from Ledex Products of Lucas Control 
Systems where the two types of solenoid are defined. The pull type and push type are 
detailed in Figure A-1. 
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Pull Type Push Type 
D 
De-energized De-energized 
ý7D 
Energized Energized 
Figure A-1. Alternative solenoid methods taken from 
Busch-Vishniac (1998). 
The potential drawback with these devices is the compromise between pull and push 
force, solenoid size/weight and voltage requirements. Each of these factors may render 
a new ambulatory technology impractical although it may be suitable for a proof of 
principles bench rig. Further examination will be required to select the exact size for the 
performance characteristics in mind. 
Electromagnets share the same functionality as solenoids, however without the 
inclusion of a tube separating the coil and core. The magnetic forces are transmitted 
through the coil rather than moving it in relation to the tube. There are again two main 
options when selecting holding magnets (Figure A-2). 
(; oil S 
t" 
PS 
NNS 
Figure A-2.1 folding electromagnet schematic 
Figure A-2 identifies the two configurations of an electromagnet. The coil remains the 
same for both types and the difference lies in the position of the poles. The left hand 
image is the simpler of the two with north (N) and south (S) poles at either end of the 
core. The right hand image has both poles at the same face. As well as these alternative 
orientations, the functionality can also be changed. Traditionally the core is made from a 
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plain ferrous material however this can be replaced with a permanent magnet. The 
alternative functionality is either energise-to-hold (ferrous core) or energise-to-release 
(permanent magnet core). 
The main weakness with electromagnetic devices is the range at which the attractive 
forces are effective over. This phenomenon is most relevant to the holding magnet 
rather than the solenoid, however, the pull or push displacement is also compromised 
by the position of the core within its tube. This weakness is illustrated in Figure A-3. 
Force 
Figure A-3. Holding force characteristics with 
increasing air gap (www. emessem. com) 
Further investigation is required to identify the suitability for the bench rig. 
Piezoelectric Material 
A potential replacement for the solenoid where the functionality is kept but at the 
fraction of the size may be an application involving piezoelectric material. The following 
information is sourced from Piezo Systems (www. piezo. com) and Morgan Electro- 
Ceramics (www. morganelectroceramics. com) websites, which both contain a useful 
tutorial on the subject. 
Piezoelectricity (from: pressure electricity) is a property of certain classes of crystalline 
materials such as Quartz and also manufactured ceramics such as Barium Titanate and 
Lead Zirconate Titanates (PZT). The main applications have been in microphones, 
accelerometers, ultrasonic transducers, bender element actuators, phonograph pick-ups 
and signal filters. It is these bender element actuators that have generated interest in the 
context of this project. 
305 
Air Gap 10 
'13 z 
When mechanical pressure is applied to one of these materials, the crystalline structure 
produces a voltage proportional to the pressure. Conversely, when an electric field is 
applied, the structure changes shape producing dimensional changes in the material. 
The hard, dense ceramics can be manufactured in almost any given shape or size. They 
are chemically inert, and immune to moisture and other atmospheric conditions. 
Voltage applied to the ceramic changes the dimensions of the ceramic for as long as the 
voltage is applied. A voltage with the same polarity as the poling voltage causes 
additional expansion in the poling direction and contraction perpendicular to this. A 
voltage with the opposite polarity has the opposite effect, producing contraction along 
the poling axis, and expansion in the perpendicular direction. In both cases, the ceramic 
element returns to its poled dimensions when the voltage is removed from the 
electrodes. 
The magnitude of piezoelectric forces, actions and voltages is, however, relatively small 
and the maximum extension of a single element is in the order of fractions of a micron. 
Bender elements attempt to overcome this potential constraint by bonding two pieces 
of piezo-ceramic together making a Bimorph. Differential changes in length of the two 
pieces can then produce relatively large movements. 
Driving force or 
generated motion 
1 
Figure A-4. Schematic representation of bimorph 
piezoelectric actuator 
The displacement of the Bimorph in response to an applied voltage is many times 
greater than the corresponding displacement of a single plate, typically in excess of 
10µm per volt. This may however be a weakness considering the fact that this rule 
represents only a 1mm displacement with a 100V application. Further investigation is 
required to identify the suitability for the bench rig. 
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Preliminary Testing 
The preliminary testing section has been devised to aid the understanding of the 
proposed actuators. Many of the practicalities of using the mentioned actuators are not 
known and therefore examples of each of the devices were obtained. These examples 
were not specified to meet the exact requirements of the study but were functionally 
similar. Tests for force/voltage, force/ deflection and force/ separation relationships 
were devised for an electromagnet sample and tests for displacement/voltage 
relationships were carried out using a piezoelectric sample. The aim of this testing was 
to aid the decision making process with regards to the selection of actuators and to help 
eliminate any inappropriate devices. Each test was designed to highlight the perceived 
weakness of each of the techniques. 
The main perceived weaknesses are the effect of separation upon the attractive forces 
of an electromagnet and the high voltage requirements of piezoelectric bimorphs for a 
useable displacement. The useable separation /displacement must be sufficient to allow 
unrestricted airflow to the user with the valve in its open position (specific calculations 
presented in Chapter 7). 
Electromagnet 
An LRX Tensile Testing System (Lloyd Instruments Ltd., Hampshire, UK) was utilised 
to find the force required to separate the energised electromagnet from a ferrous block. 
Two simple aluminium blocks were manufactured that could be used by the tensile test 
rig to grip the electromagnet and the ferrous block (see Figure A-5). The extension 
measurement system displays load and extension on a LCD screen but in this case was 
linked to a PC and thus used in conjunction with windows-based data acquisition 
software. 
41b a» 
Aý' 
Figure A-5. Electromagnet testing set-up 
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The tensile test rig works by slowly separating the two clamps (at a speed of 20mm per 
minute for the selected tests) whilst constantly measuring both the deflection and force 
being generated. It continues this force application until ferrous and electromagnet are 
separated. 
The voltage was varied to discover how the magnetic field strength and separation 
distance would be affected. The electromagnet was tested at 15,12,10,8,6,4 and 2 
Volts. Each test was performed three times at the same voltage to ensure that the 
results were consistent. 
Force vs Voltage 
100 
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Voltage (V) 
Figure A-6. The force/voltage relationship for the 
tested holding magnet 
Figure A-6 is a graphical representation of the changing force required to separate the 
magnet from the ferrous core at different voltages. The relationship is approximately 
linear with a slight deflection at 6 volts. The following Figure A-7 shows the peak force 
profile and deflection achieved. 
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Force vs Deflection 
100 
80 
Z 
60 
i 40 
0 
LL 20 
0 
Deflection (mm) 
Figure A-7. Deflection through testing rig during 
tensile test 
The peak force attained was approximately 90N. The deflection shown in Figure A-7 
represents a combination of the extension in the test pieces and slight slipping in the 
gripping haws. 
To investigate how the electromagnet's field strength decreases over distance the 
voltage was kept constant at 12V but the two test pieces were separated using varying 
sizes of non-ferrous shims with thickness 1.5,0.8,0.275,0.17 and 0.06mm (Figure A-8, 
right hand image). 
lAlý 
The resulting plot generated from this set of tests (Figure A-8) has enabled a scale to be 
placed on the Emessem graphical representation (Figure A-9). The results show that for 
a relatively powerful magnet (peak holding force, 90N), the addition of a spacer 
dramatically reduces the holding force (5N or a 94% reduction at 0.25mm). 
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Magnetic Field vs Separation 
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Figure A-9. Holding force relationship with 
increasing air gap (test results) 
The drawbacks of using electromagnets in the actuator development are highlighted by 
this sequence of tests but the results may change using only air as the separation (the 
shims may have affected the magnetic Field), unfortunately this could not be tested with 
the available equipment. The process has shown that manipulation of electromagnets is 
simple and under the right environment large forces can be generated. There are 
numerous design options that could overcome the problems such as employing a 
second magnet or by using the spring return mechanism as described in the initial ideas. 
PieZoelectnc 
As with electromagnets, a key concern of functionality is the effective displacement 
available to allow suitable travel of the valve. In the case of the magnet, separation from 
the valve is limited without additional methods required to return the valve to its 
magnet. The displacements achieved by piezoelectric bimorphs are also small but 
additionally they only occur at relatively high voltages. 
Figure A-10. Bimorph sample and (; A1\1 pr, ýI) pct 
up x2 
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Figure A-10 shows the testing set-up to test the displacement at different voltages. A 
mount (Figure A-10, left hand image) was prepared to hold the bimorph at each of its 
ends and on its side. This was then placed onto a Merlin Micro 900 Coordinate 
Measuring Machine (Ferranti Metrology Systems) orientated to produce a displacement 
in the x-y plane and secured using a non-permanent flexible resin. A probe head 
(Renishaw) was attached to the Merlin and used to plot the absolute coordinates of a 
point on the bimorph perceived to be likely to achieve the greatest displacement (a 
preformed location pin). A variable, high-voltage power supply was then connected 
across the bimorph element. The absolute coordinates of the chosen point were then 
re-measured at 10-volt intervals between 10 and 100 volts inclusive. No displacements 
in any axis were recorded across this range. 
A visual check was completed with the test-piece out of its mount to check the function 
and this confirmed that there was activity and it was therefore concluded that the 
prepared mount was too tight and limiting of any movement. The alternative mount is 
shown in Figure A-10 (right hand image), which comprised of two metrology blocks. 
The probe was then positioned above the test-piece to measure any displacement along 
the z-axis and the absolute coordinates of the same point were again taken. The same 
range of voltages was applied to the test-piece and although a displacement was visible 
to the naked eye, a peak recording of only 0.3mm was recorded. The testing was 
therefore aborted. 
Post analysis identified what may have caused the failure of the test-piece. The main 
reason was likely to be due to the probe contact force of 7g, which may have been 
inhibiting the test piece movement. This presents a substantial problem in using this 
technology in that the test piece has a low stiffness whilst a voltage, regardless of its 
magnitude, is applied. The pressures developed by an inspiring subject are perceived to 
be reasonably high and given the test-piece's performance it is unlikely that a 
piezoelectric actuator would be suitable. As a result of this, further work regarding the 
development of an actuator for a bench technology will be based upon an 
electromagnetic solution. 
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Valve Area 
(Supplementary to Chapter 7, section 2) 
In order to test the magnitude of the effect of favouring a 30mm diameter aperture a 
simple static test was completed. This simple method was chosen due to the ease of use 
and the lack of a requirement of accuracy i. e. only a visual indication of flow change was 
necessary. 
w 
.. 
Q 
Figure A-11. I i,, vý i istancc tcst sct-up. 1 ctt hand 
image shows complete set-up. Right hand image 
shows flow meter (In-Check 
Figure A-11 shows a variable rate flow generator (left hand image) coupled to a spring- 
loaded flow measurement unit (right hand image, In-Check®, Ferraris Medical, USA) 
displaying flow in I min-'. The normal coupling without any additional equipment 
provided a 30mm aperture. A 22mm ring of acetal plastic (not shown) was 
manufactured and inserted into the flow aperture. 
The flow generator was adjusted by a potentiometer and through trial and error two 
suitable voltages were selected, 22 and 32V. Each aperture diameter was then tested at 
each of the two voltages and the flow readings were taken. The readings were made 
after a prolonged period (approximately 30s) in which the system obtained equilibrium. 
This was defined by the time at which the display element maintained a fixed value for 
at least 10 seconds. The results are as follows: 
312 
ýc,.: o ýy '`ýý 
300 ---- ---------------- 
250 ------- ------ - ---- 
E 200 
150 --- -------- - ---- 
100 
Ir 50 
0-- 
Aperture diameter (mm) 
Figure A-12. Flow rates achieved through 22 and 
30mm apertures at 2 fixed voltages. 
(The blue plots represent flows produced at 22V, the red plots represent flows produced at 32V) 
It is clear from Figure A-12 that the effect of resistance to flow is greater at higher flow 
levels (2471 min' achieved with 30mm compared to 2211 min-' with 22mm) and it is 
assumed that this effect of flow resistance would increase at higher flows. Data 
generated by the earlier study (Defining user requirements) for the PDS suggests that 
peak flows of 141 . s' (8401 min') may be attained and therefore this experiment 
reconfirms the requirement for a minimum aperture diameter of 30mm to be used in 
future valve design. 
Visual Basic Forms 
(Supplementary to Chapter 7, section 2) 
Readiest Form and Code 
Dim read As Integer 
Dim buffer 
Dim result As Integer 
Figure Rcad1'rst Form 
Private Sub cmdReadClick() 
Timerl. Enabled = True 
result = AI 9112 Config(0, TRIG INT PACER) 
313 
22 30 
End Sub 
Private Sub Form Loado 
result = Register_Card(22,0) 
result = AI_ContReadChannel(0,0, AD_B_10_V, buffer, 4,100, 
ASYNCHOP) 
result = AI_AsyncDblBufferMode(0,1) 
End Sub 
Private Sub TimerlTimer() 
(Int(((((((read And &HFFFO) / 16) / 4096) - 0.5) * 20) * 25.8) 
100)) / 100 
txtReading. Text = (Int(((((((buffer And &HFFFO) / 16) / 4096) - 
0.5) * 20) * 25.8) * 100)) / 100 
result = AI_ReadChannel(0,0, AD_B_10_V, read) 
txtReading. Text = buffer 
result = AI_AsyncDblBufferTransfer(0, buffer) 
End Sub 
SofT'est Form and Code 
Figure 
Dim result As Integer 
Dim onoff As Integer 
Dim FLAGS As Integer 
Private Sub cmdGoClick() 
Timerl. Enabled = True 
FLAGS =1 
txt2. Text = FLAGS 
End Sub 
Sol'l'est Form 
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Private Sub cmdStopClick() 
Timerl. Enabled = False 
onoff = DO_WritePort(0,0,0) 
End 
End Sub 
Private Sub Form-Load( 
FLAGS =0 
result = Register Card(22,0) 
onoff = DOWritePort(0,0,0) 
txt2. Text = FLAGS 
End Sub 
Private Sub TimerlTimer() 
Timerl. Interval = txtl. Text 
If FLAGS =1 Then 
onoff = DO WritePort(0,0,1) 
If onoff = DOWritePort(0,0,1) Then 
FLAGS =2 
txt2. Text = FLAGS 
End If 
Exit Sub 
End If 
If FLAGS =2 Then 
onoff = DOWritePort(0,0,0) 
If onoff = DOWritePort(0,0,0) Then 
FLAGS =1 
txt2. Text = FLAGS 
End If 
Exit Sub 
End If 
End Sub 
Timer2 Form and Code 
mulffilli" 
Go 
Linel F Line2 
Stop 
Figure A-15. Timer2 Iýorm 
Dim m As Integer 
Dim Linel As Integer 
Dim Line2 As Integer 
Dim FLAGS As Integer 
Dim temp As Integer 
Dim st As Double 
Dim et As Double 
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Dim Breath 
Private Sub cmdGo_Click() 
FLAGS =1 
Timerl. Enabled = True 
End Sub 
Private Sub cmdStop_Click() 
Timerl. Enabled = False 
End 
End Sub 
Private Sub Form Loado 
result = Register_Card(22,0) 
FLAGS =0 
End Sub 
Private Sub TimerlTimer() 
If FLAGS =1 Then 
temp = DI_ReadLine(0,0,0, Linel) 
If Linel =1 Then 
FLAGS =2 
st = Timer 
Timer2. Enabled = True 
End If 
End If 
If FLAGS =2 Then 
temp = DI_ReadLine(0,0,1, Line2) 
If Line2 =1 Then 
FLAGS =1 
et = Timer - st 
Breath = ((Int(et * 100)) / 100) * 1000 
txtl. Text = Breath 
Timer2. Enabled = False 
m=0 
End If 
End If 
txt2. Text = Linel 
txt3. Text = Line2 
End Sub 
Private Sub Timer2Timer() 
If et >0 Then 
m=m+1 
Timer2. Interval = Breath / 10 
Else 
Timer2. Enabled = False 
End If 
If m= 10 Then Timer2. Enabled = False 
txt4. Text =m 
End Sub 
VIMT Basic Code 
Dim yl As Integer 
Dim y2 As Integer 
Dim y3 As Integer 
Dim y4 As Integer 
Dim y5 As Integer 
Dim y6 As Integer 
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Dim y7 As Integer 
Dim y8 As Integer 
Dim y9 As Integer 
Dim ylO As Integer 
Dim profpoint(9) 
Dim pressure(9) 
Dim MIP As Integer 
Dim INTENSITY As Integer 
Dim Max As Integer 
Dim gnBuffer(4000) As Integer 
Dim stop_flag As Integer 
Dim xv 
Dim n As Integer 
Dim breath 
Dim st 
Dim et 
Dim onoff As Integer 
Dim Linel As Integer 
Dim Line2 As Integer 
Dim FLAGS As Integer 
Dim temp As Integer 
Private Declare Sub Sleep Lib "kernel32" (ByVal dwMilliseconds As 
Long) 
Private Sub Form Loado 
SettingForm. Show 1 
If card <0 Then 
MsgBox "Register Card Failed" 
End 
End If 
FLAGS =0 
cmdMax. Enabled = False 
onoff = DO_WritePort(0,0,0) 
End Sub 
Private Sub cmdExitClick() 
watch. Enabled = False 
onoff = DOWritePort(0,0,0) 
If card >= 0 Then Release_Card (card) 
End 
End Sub 
Private Sub cmdMaxClick() 
lb1MaxValue. Caption = Round((txtMIP. Text * txtIntensity. Text) / 
100) 
vsbPointl. Enabled 
vsbPoint2. Enabled 
vsbPoint3. Enabled 
vsbPoint4. Enabled 
vsbPoint5. Enabled 
vsbPoint6. Enabled 
vsbPoint7. Enabled 
vsbPoint8. Enabled 
vsbPoint9. Enabled 
vsbPointlO. Enabled 
End sub 
True 
True 
True 
True 
True 
True 
True 
True 
True 
True 
Private Sub cmdStop_Click() 
stop_flag =1 
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watch. Enabled = False 
Timerl. Enabled = False 
Timer2. Enabled = False 
onoff = DO_WritePort(0,0,0) 
End Sub 
Private Sub cmdGoClick() 
MIP = txtMIP. Text 
INTENSITY = txtIntensity. Text 
Max = lb1MaxValue. Caption 
n=0 
Dim result As Integer 
Dim half_ready As Byte 
Dim fstop As Byte 
Dim access_cnt As Long 
gnCount = 500 
If (INTENSITY < 0) Or (MIP < 0) Or (INTENSITY = 
(Max = 0) Then 
MsgBox ("Enter max inspiratory pressure AND 
press Max =") 
watch. Enabled = False 
cmdMax. Enabled = False 
Timer2. Enabled = False 
End If 
0) Or (MIP = 0) Or 
%MIP intensity THEN 
If (INTENSITY > 0) And (MIP > 0) And (Max > 0) Then 
watch. Enabled = True 
'Timerl. Enabled = True 'TEST MODE 
Timer2. Enabled = True 'FUNCTION MODE 
FLAGS =1 
cmdMax. Enabled = True 
'onoff = DOWritePort(0,0,1) 
result = AI_9112_Config(card, TRIG_INT_PACER) 
result = AIAsyncDblBufferMode(card, 1) 
result = AI_ContReadChannel(card, ad_ch_no_0, AD_B_10_V, 
gnBuffer(O), 500,10000, ASYNCH_OP) 
cmdGo. Enabled = False 
cmdStop. Enabled = True 
stop_flag =0 
Do 
Do 
result = AI_AsyncDblBufferHalfReady(card, half_ready, 
fstop) 
Loop Until half 
- 
ready 
result = AI_AsyncDblBufferTransfer(card, gnBuffer(O)) 
ShowData (gnCount / 2) 
DoEvents 
Loop Until stop_flag =1 
result = AI_AsyncClear(card, access_cnt) 
cmdGo. Enabled = True 
cmdStop. Enabled = False 
End If 
End Sub 
Private Sub ShowData(count As Integer) 
Dim Data As Long 
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If gnBuffer(O) >= 0 Then 
Data = gnBuffer(0) 
Else 
Data = gnBuffer(0) + 65536 
End If 
xv = (Int(((((((Data And &HFFFO) / 16) / 4096) - 0.5) * 20) * 25.8) 
* 100)) / 100 
txtPress. Text = xv 
End Sub 
Private Sub cmdResetClick() 
Timerl. Enabled = False 
watch. Enabled = False 
onoff = DO WritePort(0,0,0) 
minutel. Caption = 0 
minute2. Caption = 0 
secondl. Caption = 0 
second2. Caption = 0 
milisec. Caption = 0 
vsbPointl. Enabled 
vsbPoint2. Enabled 
vsbPoint3. Enabled 
vsbPoint4. Enabled 
vsbPoint5. Enabled 
vsbPoint6. Enabled 
vsbPoint7. Enabled 
vsbPoint8. Enabled 
vsbPoint9. Enabled 
vsbPointlO. Enabled 
vsbPointl. Value =0 
vsbPoint2. Value =0 
vsbPoint3. Value =0 
vsbPoint4. Value =0 
vsbPoint5. Value =0 
vsbPoint6. Value =0 
vsbPoint7. Value =0 
vsbPoint8. Value =0 
vsbPoint9. Value =0 
vsbPointl0. Value =0 
lblmb(O). Caption = 0 
lblmb(1). Caption = 0 
lblmb(2). Caption = 0 
lblmb(3). Caption = 0 
lblmb(4). Caption = 0 
lblmb(5). Caption = 0 
lblmb(6). Caption = 0 
lblmb(7). Caption = 0 
lblmb(8). Caption = 0 
lblmb(9). Caption = 0 
False 
False 
False 
False 
False 
False 
False 
False 
False 
False 
txtlntensity. Text =0 
txtMIP. Text =0 
lblMaxValue. Caption =0 
shpPoint(O). Top = 2400 
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shpPoint(1). Top = 2400 
shpPoint(2). Top = 2400 
shpPoint(3). Top = 2400 
shpPoint(4). Top = 2400 
shpPoint(5). Top = 2400 
shpPoint(6). Top = 2400 
shpPoint(7). Top = 2400 
shpPoint(8). Top = 2400 
shpPoint(9). Top = 2400 
lblPoint(0). Caption = 0 
lblPoint(1). Caption = 0 
lblPoint(2). Caption = 0 
lblPoint(3). Caption = 0 
lblPoint(4). Caption = 0 
lblPoint(5). Caption = 0 
lblPoint(6). Caption = 0 
lblPoint(7). Caption = 0 
lblPoint(8). Caption = 0 
lblPoint(9). Caption = 0 
cmdMax. Enabled = False 
End Sub 
Private Sub TimerlTimer() 
'Timerl. Interval = 50 
pressure(n) = xv 
txtDebugl. Text =n 
If et >0 Then 
If n=0 Then 
txtThresh(0). Text =0 
onoff = DOWritePort(0,0,1) 
Sleep (40) 
If pressure(0) <= profpoint(0) 
txtThresh(0). Text =1 
onoff = DOWritePort(0,0, 
'Sleep (40) 
End If 
n=n+1 
Exit Sub 
End If 
If n=1 Then 
txtThresh(1). Text =0 
onoff = DOWritePort(0,0,1) 
Sleep (40) 
If pressure(l) <= profpoint(l) 
txtThresh(1). Text =1 
onoff = DOWritePort(0,0, 
'Sleep (40) 
End If 
n=n+1 
Exit Sub 
End If 
'solenoid =1 
Then 
0) 'solenoid =0 
'solenoid =1 
Then 
0) 'solenoid =0 
If n=2 Then 
txtThresh(2). Text =0 
onoff = DO_WritePort(0,0,1) 'solenoid 
Sleep (40) 
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If pressure(2) <= profpoint(2) Then 
txtThresh(2). Text =1 
onoff = DOWritePort(0,0,0) 'solenoid =0 
'Sleep (40) 
End If 
n=n+1 
Exit Sub 
End If 
If n=3 Then 
txtThresh(3). Text =0 
onoff = DOWritePort(0,0,1) 
Sleep (40) 
If pressure(3) <= profpoint(3) 
txtThresh(3). Text =1 
onoff = DOWritePort(0,0, 
'Sleep (40) 
End If 
n=n+1 
Exit Sub 
End If 
If n=4 Then 
txtThresh(4). Text =0 
onoff = DOWritePort(0,0,1) 
Sleep (40) 
If pressure(4) <= profpoint(4) 
txtThresh(4). Text =1 
onoff = DOWritePort(0,0, 
'Sleep (40) 
End If 
n=n+1 
Exit Sub 
End If 
If n=5 Then 
txtThresh(5). Text =0 
onoff = DO_WritePort(0,0,1) 
Sleep (40) 
If pressure(5) <= profpoint(5) 
txtThresh(5). Text =1 
onoff = DOWritePort(0,0, 
'Sleep (40) 
End If 
n=n+1 
Exit Sub 
End If 
If n=6 Then 
txtThresh(6). Text =0 
onoff = DO_WritePort(0,0,1) 
Sleep (40) 
If pressure(6) <= profpoint(6) 
txtThresh(6). Text =1 
onoff = DOWritePort(0,0, 
'Sleep (40) 
End If 
n=n+1 
Exit Sub 
End If 
'solenoid =1 
Then 
0) 'solenoid =0 
'solenoid =1 
Then 
0) 'solenoid =0 
'solenoid =1 
Then 
0) 'solenoid =0 
'solenoid =1 
Then 
0} 'solenoid =0 
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If n=7 Then 
txtThresh(7). Text =0 
onoff = DO WritePort(0,0,1) 'solenoid =1 
Sleep (40) 
If pressure(7) <= profpoint(7) Then 
txtThresh(7). Text =1 
onoff = DOWritePort(0,0,0) 'solenoid =0 
'Sleep (40) 
End If 
n=n+1 
Exit Sub 
End If 
If n=8 Then 
txtThresh(8). Text =0 
onoff = DOWritePort(0,0,1) 
Sleep (40) 
If pressure(8) <= profpoint(8) 
txtThresh(8). Text =1 
onoff = DOWritePort(0,0, 
'Sleep (40) 
End If 
n=n+1 
Exit Sub 
End If 
If n=9 Then 
txtThresh(9). Text =0 
onoff = DOWritePort(0,0,1) 
Sleep (40) 
If pressure(9) <= profpoint(9) 
txtThresh(9). Text =1 
onoff = DOWritePort(0,0, 
'Sleep (40) 
End If 
n=n+1 
Timerl. Enabled = False 
Exit Sub 
End If 
Timerl. Interval = breath / 10 
Else 
Timerl. Enabled = False 
End If 
If n= 10 Then Timerl. Enabled = False 
End Sub 
Private Sub Timer2Timer() 
If FLAGS =1 Then 
temp = DI_ReadLine(0,0,0, Linel) 
If Linel =1 Then 
FLAGS =2 
st = Timer 
Timerl. Enabled = True 
End If 
End If 
If FLAGS =2 Then 
temp = DI_ReadLine(0,0,1, Line2) 
If Line2 =1 Then 
FLAGS =1 
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'solenoid =1 
Then 
0) 'solenoid =0 
'solenoid =1 
Then 
0) 'solenoid =0 
Timerl. Enabled = False 
onoff = DO_WritePort(0,0,1) 
n=0 
et = Timer - st 
breath = ((Int(et * 100)) / 100) * 1000 
txtDebug2. Text = ((Int(et 100)) / 100) * 1000 
End If 
End If 
txtLinel. Text = Linel 
txtLine2. Text = Line2 
End Sub 
Private Sub txtIntensity_Change() 
cmdMax. Enabled = True 
End Sub 
Private Sub vsbPointlChange() 
lblmb(0). Caption = Round((lblMaxValue. Caption 
vsbPointl. Value) / 100) 
yl = Round((lblMaxValue. Caption * vsbPointl. Value) / 100) 
profpoint(O) = yl * (-1) 
lblPoint(O). Caption = CStr(vsbPointl. Value)'display scroll 
value in label box' 
shpPoint(O). Top = (2400 - (24 * vsbPointl. Value)) 
End Sub 
Private Sub vsbPointlO Change() 
lblmb(9). Caption = Round((lblMaxValue. Caption 
vsbPointlO. Value) / 100) 
y10 = Round((lblMaxValue. Caption * vsbPointl0. Value) 
profpoint(9) = y10 * (-1) 
lblPoint(9). Caption = CStr(vsbPointlO. Value)'display 
value in label box' 
shpPoint(9). Top = (2400 - (24 * vsbPointl0. Value)) 
End Sub 
Private Sub vsbPoint2Change() 
lblmb(1). Caption = Round((lblMaxValue. Caption 
vsbPoint2. Value) / 100) 
y2 = Round((lblMaxValue. Caption * vsbPoint2. Value) / 
profpoint(1) = y2 * (-1) 
lblPoint(1). Caption = CStr(vsbPoint2. Value)'display 
value in label box' 
shpPoint(1). Top = (2400 - (24 * vsbPoint2. Value)) 
End Sub 
Private Sub vsbPoint3_Change() 
lblmb(2). Caption = Round((lblMaxValue. Caption 
vsbPoint3. Value) / 100) 
y3 = Round((lblMaxValue. Caption * vsbPoint3. Value) / 
profpoint(2) = y3 * (-1) 
lblPoint(2). Caption = CStr(vsbPoint3. Value)'display 
value in label box' 
shpPoint(2). Top = (2400 - (24 * vsbPoint3. Value)) 
End sub 
/ 100) 
scroll 
100) 
scroll 
100) 
scroll 
Private Sub vsbPoint4Change() 
lblmb(3). Caption = Round((lblMaxValue. Caption 
vsbPoint4. Value) / 100) 
y4 = Round((lblMaxValue. Caption * vsbPoint4. Value) / 100) 
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profpoint(3) = y4 * (-1) 
lblPoint(3). Caption = CStr(vsbPoint4. Value)'display scroll 
value in label box' 
shpPoint(3). Top = (2400 - (24 * vsbPoint4. Value)) 
End Sub 
Private Sub vsbPoint5Change() 
lblmb(4). Caption = Round((lblMaxValue. Caption 
vsbPoint5. Value) / 100) 
y5 = Round((lblMaxValue. Caption * vsbPoint5. Value) / 100) 
profpoint(4) = y5 * (-1) 
lblPoint(4). Caption = CStr(vsbPoint5. Value)'display scroll 
value in label box' 
shpPoint(4). Top = (2400 - (24 * vsbPoint5. Value)) 
End Sub 
Private Sub vsbPoint6Change() 
lblmb(5). Caption = Round((lblMaxValue. Caption 
vsbPoint6. Value) / 100) 
y6 = Round((lblMaxValue. Caption * vsbPoint6. Value) / 100) 
profpoint(5) = y6 * (-1) 
lblPoint(5). Caption = CStr(vsbPoint6. Value)'display scroll 
value in label box' 
shpPoint(5). Top = (2400 - (24 * vsbPoint6. Value)) 
End Sub 
Private Sub vsbPoint7Change() 
lblmb(6). Caption = Round((lblMaxValue. Caption 
vsbPoint7. Value) / 100) 
y7 = Round((lblMaxValue. Caption * vsbPoint7. Value) / 100) 
profpoint(6) = y7 * (-1) 
lblPoint(6). Caption = CStr(vsbPoint7. Value)'display scroll 
value in label box' 
shpPoint(6). Top = (2400 - (24 * vsbPoint7. Value)) 
End Sub 
Private Sub vsbPointß_Change() 
lblmb(7). Caption = Round((lblMaxValue. Caption 
vsbPoint8. Value) / 100) 
y8 = Round((lblMaxValue. Caption * vsbPoint8. Value) / 100) 
profpoint(7) = y8 * (-1) 
lblPoint(7). Caption = CStr(vsbPoint8. Value)'display scroll 
value in label box' 
shpPoint(7). Top = (2400 - (24 * vsbPoint8. Value)) 
End Sub 
Private Sub vsbPoint9Change() 
lblmb(8). Caption = Round((lblMaxValue. Caption 
vsbPoint9. Value) / 100) 
y9 = Round((lblMaxValue. Caption * vsbPoint9. Value) / 100) 
profpoint(8) = y9 * (-1) 
lblPoint(8). Caption = CStr(vsbPoint9. Value) 'display scroll 
value in label box' 
shpPoint(8). Top = (2400 - (24 * vsbPoint9. Value)) 
End Sub 
Private Sub watch Timero 
milisec. Caption = milisec. Caption +1 
If milisec. Caption = 10 Then 
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milisec. Caption =0 
second2. Caption = second2. Caption +1 
End If 
If second2. Caption = 10 Then 
second2. Caption =0 
secondl. Caption = secondl. Caption +1 
End If 
If secondl. Caption =6 Then 
secondl. Caption =0 
minute2. Caption = minute2. Caption +1 
End If 
If minute2. Caption = 10 Then 
minute2. Caption =0 
minutel. Caption = minutel. Caption +1 
End If 
If minutel. Caption =6 Then 
watch. Enabled = False 
MsgBox "Max time reached! ", vbCritical, "Halted! " 
End If 
End Sub 
Setting Form 
Private Sub BaseAddr_Change() 
End Sub 
Private Sub CANCcmdClick() 
Unload SettingForm 
End 
End Sub 
Private Sub Form Loado 
Dim i As Long 
For i=0 To 15 Step 1 
CardNum. Addltem i 
Next 
CardNum. Listlndex =0 
End Sub 
Private Sub OKcmd_Click() 
card = -1 
card number = CardNum. Listlndex 
card_= Register 
_Card(PCI_9112, 
card_number) 
Unload SettingForm 
End Sub 
9112g1b1(Sample Control Code) 
Dim gnADChn As Long 
Dim gnCount As Long 
Dim gnC2 As Long 
Dim gnBuffer(4000) As Integer 
Dim nRate As Long 
Dim range(8) As Integer 
Dim stop_flag As Integer 
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Private Sub btnExitClick() 
If card >= 0 Then Release_Card (card) 
End 
End Sub 
Private Sub btnStartClick() 
Dim result As Integer 
Dim half ready As Byte 
Dim fstop As Byte 
Dim access cnt As Long 
result = AI_9112_Config(card, TRIG_INT_PACER) 
result = AIAsyncDblBufferMode(card, 1) 
result = AI_ContReadChannel(card, gnADChn, 
range(cobRange. ListIndex), gnBuffer(O), gnCount, 
CDbl(nRate * 1000), ASYNCH_OP) 
btnStart. Enabled = False 
btnStop. Enabled = True 
stop_flag =0 
Do 
Do 
result = AI_AsyncDblBufferHalfReady(card, half-ready, 
fstop) 
Loop Until half 
- 
ready 
result = AI_AsyncDblBufferTransfer(card, gnBuffer(O)) 
ShowData (gnCount / 2) 
DoEvents 
Loop Until stop_flag =1 
result = AIAsyncClear(card, access_cnt) 
btnStart. Enabled = True 
btnStop. Enabled = False 
End Sub 
Private Sub btnStop_Click() 
stop_flag =1 
End Sub 
Private Sub cobDataClick() 
gnCount = Val(Trim$(cobData)) 
End Sub 
Private Sub cobRange_Click() 
Select Case cobRange. ListIndex 
Case 0 
labValue(0). Caption = "5.00" 
labValue(l). Caption = "2.50" 
labValue(2). Caption = "0.00" 
labValue(3). Caption = "-2.50" 
labValue(4). Caption = "-5.00" 
Case 1 
labValue(0). Caption = "2.50" 
labValue(l). Caption = "2.25" 
labValue(2). Caption = "0.00" 
labValue(3). Caption = "-2.25" 
labValue(4). Caption = "-2.50" 
Case 2 
labValue(0). Caption = "1.250" 
labValue(l). Caption = "0.625" 
labValue(2). Caption = "0.00" 
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labValue(3). Caption = "-0.625" 
labValue(4). Caption = "-1.250" 
Case 3 
labValue(0). Caption = "0.6250" 
labValue(1). Caption = "0.3125" 
labValue(2). Caption = "0.0000" 
labValue(3). Caption = "-0.3125" 
labValue(4). Caption = "-0.6250" 
Case 4 
labValue(0). Caption = "10.0" 
labValue(1). Caption = "7.50" 
labValue(2). Caption = "5.00" 
labValue(3). Caption = "2.50" 
labValue(4). Caption = "0.00" 
Case 5 
labValue(0). Caption = "5.00" 
labValue(1). Caption = "3.75" 
labValue(2). Caption = "2.50" 
labValue(3). Caption = "1.25" 
labValue(4). Caption = "0.00" 
Case 6 
labValue(0). Caption = "2.500" 
labValue(1). Caption = "1.875" 
labValue(2). Caption = "1.250" 
labValue(3). Caption = "0.625" 
labValue(4). Caption = "0.000" 
Case 7 
labValue(0). Caption = "1.2500" 
labValue(1). Caption = "0.9375" 
labValue(2). Caption = "0.6250" 
labValue(3). Caption = "0.3125" 
labValue(4). Caption = "0.0000" 
Case 8 
labValue(0). Caption = "10" 
labValue(1). Caption = "5.0" 
labValue(2). Caption = "0.0" 
labValue(3). Caption = "-5.0" 
labValue(4). Caption = "-10" 
End Select 
End Sub 
Private Sub cobSampleClick() 
nRate = Val(Trim$(cobSample)) 
End Sub 
Private Sub Form Loado 
Dim bus As Integer, slot As Integer 
SettingForm. Show 1 
If card <0 Then 
MsgBox "Register Card Failed" 
End 
End If 
cobRange. AddItem 
cobRange. AddItem 
cobRange. AddItem 
cobRange. AddItem 
cobRange. AddItem 
cobRange. AddItem 
5V" 
2.5V" 
1.25V" 
0.625V" 
"OV-10V" 
"OV-5V" 
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cobRange. Addltem "OV-2.5V" 
cobRange. AddItem "OV-1.25V" 
cobRange. AddItem "+/- 10V" 
cobRange. ListIndex =0 
cobData. AddItem "500" 
cobData. AddItem "1000" 
cobData. AddItem "2000" 
cobData. Addltem "3000" 
cobData. AddItem "4000" 
cobData. ListIndex =0 
cobSample. AddItem "10" 
cobSample. AddItem "20" 
cobSample. AddItem "30" 
cobSample. AddItem "40" 
cobSample. AddItem "50" 
cobSample. AddItem "70" 
cobSample. AddItem "90" 
cobSample. AddItem "100" 
cobSample. ListIndex =0 
gnADChn =0 
'Range values 
range(O) =2 
range(l) =3 
range(2) =4 
range(3) =5 
range(4) = 15 
range(5) = 16 
range(6) = 17 
range(7) = 18 
range(8) =1 
End Sub 
Private Sub Form_Unload(Cancel As Integer) 
If card >= 0 Then Release_Card (card) 
End Sub 
Private Sub ShowData(count As Integer) 
Dim i As Integer, last As Integer, total As Integer 
Dim xl As Integer, yl As Integer, x2 As Integer, y2 As Integer 
Dim w As Long, h As Long, data As Long 
picScreen. Cls 
last = count 
w= picScreen. ScaleWidth 
h= picScreen. ScaleHeight 
'gnBuffer contains 16-bit data, the 4 LSB is channel# 
'VB's integer is signed integer, its range is -32768 to 32767 
'We change the range to 0 to 65535 
If gnBuffer(0) >= 0 Then 
data = gnBuffer(0) 
Else 
data = gnBuffer(0) + 65536 
End If 
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xl = (last * w) / count 
yl =h- ((((data And &HFFFO) / 16) * h) / 4096) 
last = last -1 
While (last > 0) 
If gnBuffer(count - last) >= 0 Then 
data = gnBuffer(count - last) 
Else 
data = gnBuffer(count - last) + 65536 
End If 
x2 = (last * w) / count 
y2 =h- ((((data And &HFFFO) / 16) * h) / 4096) 
last = last -1 
picScreen. Line (xl, y1)-(x2, y2), &HFFFF& 
xl = x2 
yl=y2 
Wend 
End Sub 
Private Sub optChn_Click(Index As Integer) 
gnADChn = Index 
End Sub 
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  Loughborough 
University 
Department of Manufacturing Engineering 
Project: Determination of exercise capacity and response to new inspiratory muscle 
training technology. 
Investigators: Tom Waller 
Dr. Mike Caine 
Statement of participation Consent 
I............................................................................ ........... [print full name] 
consent to participate in a research study investigating the "determination of exercise 
capacity and response to a new inspiratory training technology" by the use of a cycle 
ergometer. I understand that my participation to undertake the test is completely 
voluntary and I am free to withdraw or leave at any point. 
I have read the information sheet and as a participant I agree to undertake the activities 
described in it. I understand all the risks involved and have had an opportunity to ask the 
investigators questions and seek any further clarification about the study. 
I understand that any information obtained from the study will be treated as confidential 
and that where results are presented my identity will remain anonymous. 
Signature of participant ................................. Date ............... 
Signature of Witness ..................................... Date.................... 
Health questionnaire Subject: ................................. 
1, At present, do you have any health problem for which you are: (please circle) 
a) On medication, prescribed or otherwise YES NO 
b Attending your general practitioner YES NO 
c On a hospital waiting list YES NO 
If you have answered yes to any part of the above questionnaire, please describe briefly, 
if you wish ............................................................................................... 
2, In the past 2 years, have you had any illness which require you to: (please circle) 
a Consult your GP YES NO 
Attend a hospital outpatient department (b ) YES NO 
. (c) Be admitted to hospital YES NO 
If you have answered yes to any part of the above question, please describe briefly, if you 
wish ...................................................................................................... 
3, Have you ever had any of the following: (please circle) 
a Convulsion/epilepsy YES NO 
(b) Asthma YES NO 
c Eczema YES NO 
d Diabetes YES NO 
eA blood disorder YES NO 
Head injury YES NO 
( Di estive problems YES NO 
Heart problems YES NO 
Problems with bones or joints YES NO 
Disturbance of balance/co-ordination 
g 
YES NO 
bness s in hands or feet Num k YES NO 
1 Disturbance of vision YES NO 
m Ear/hearin problems YES NO 
(n Th roid roblems YES NO 
o Kidne or liver failure YES NO 
(p) Allergy to nuts YES NO 
(q) Lung/respiratory disorders YES NO 
If you have answered yes to any part of the question, please describe briefly, if you 
wish ...................................................................................................... 
4, Has anyone, otherwise healthy, member or your family under the age of 35 died 
suddenly during or soon after exercise? (please tick) 
YES 
NO 
5, Present living habits (Please tick) 
(a) Do you smoke? YES NO 
(b) Have you smoked in the last 6 months? YES NO 
(c) Have you smoked in the last 10 years? YES NO 
Exercise Habits 
(1) What sport/sports do you participate in frequently? .......................................... 
............................................................................................................ 
(2) We need to understand the nature of your training. How many times you train a week, 
how you train and the duration of each training session. Please list below a typical week. 
Training type - cardiovascular / endurance / power / strength / match 
Training type I Number of sessions per week Duration of training time 
(e. 
_0. 
) cardiovascular (e. g) 2 sessions per week (e. g. ) 45 minutes 
